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Summary
The presence and multiplication of Pseudomonas aeruginosa 
within some areas of the potable water supply of London 
was demonstrated by the analysis of the data collected from 
a thirteen month, bacteriological survey of the distribution 
system of the Metropolitan Water Division, Thames Water 
Authority. Construction materials designed for use within 
plumbing and distribution systems were shown to be capable 
of supporting the growth of Ps.aeruginosa in laboratory 
studies using tap water and one material, in particular was 
found to be responsible for the persistence of Ps.aeruginosa 
in new mains. The survival and growth of Ps.aeruginosa in 
tap water in the absence of construction materials was 
limited and it was clear that Ps.aeruginosa was not a normal 
component of the bacterial flora of treated water.
The isolation of Ps.aeruginosa from potable water was 
not considered to be indicative of faecal pollution because 
it was unrelated to the presence of traditional faecal 
indicator bacteria - Escherichia coli and coliform bacteria. 
The multiplication of Ps.aeruginosa within the distribution 
system was another limiting factor in the use of this 
organism as an indicator of faecal pollution.
It was proposed that Ps.aeruginosa would be suitable 
as an indicator of the presence in distribution and plumbing 
systems of construction materials that are unsuitable for 
use in contact with potable water by virtue of their ability 
to bring about a noticeable deterioration in the 
bacteriological, chemical or physical quality of treated 
water.
The spread of Ps.aeruginosa by water has encouraged 
its appearance as a significant pathogen of man, animals 
and plants and a notable spoilage organism in industrial 
premises and commercial products. A clinical study of the 
potential health hazards associated with the presence of 
Ps.aeruginosa in potable water and water used for industrial 
processes -was strongly recommended..
(i)
TABLE Ui?' UQ-NT-b’NTS
Page
TITLE PAGE
SUMMARY (i)
TABLE OF CONTENTS (ii)
1.0. The problems and potential health hazards 
associated with Pseudomonas aeruginosa in
water - a review of the,literature 1
1.1. Pseudomonas aeruginosa as a pathogen of man 1
1.2. Pseudomonas aeruginosa as a pathogen of
animals 11
1.3. Pseudomonas aeruginosa as a pathogen of
plants 13
1.4. The occurrence of Pseudomonas aeruginosa in
water 15
1.4.1. Surface waters and recreational marine waters 15
1.4.2. Water used in manufacturing plants 19
1.4.3. Bathing water 23
1.4.4. ■ Potable water supplies 25
1.5. Summary 32
2.0. A survey of the water supply distribution 
system of the Metropolitan Water Division.
Thames Water Authority for the presence
of Pseudomonas aeruginosa 35
2.1. A description of the water supply distribution
system 35
2.2. The design of the survey 38
2.3. Methods 42
2.4. Results and Discussion 49
2.4.1. The compilation of the data from the survey 49
2.4.2. The choice of isolation medium for Pseudomonas
aeruginosa 49
2.4.3. A description of the samples included in the
survey 50
(ii)
2.4.4. The bacteriological quality of the distribution 
system 54
2.4.5. The association between Pseudomonas aeruginosa
and the traditional bacterial indicators of 
faecal pollution in the distribution system 56
2.4.6. The effect of water temperature on the
bacteriological quality of water in the 
distribution system 60
2.4.7. The relationship between the source of the
distribution water and bacteriological water 
quality 69
2.4.8. The variance in bacteriological quality of the
distribution water collected from different 
sample sites and points 75
2.5. Summary 78
3.0. A taxonomic study of the isolates of
Pseudomonas aeruginosa collected from the 
distribution system 81
3.1. The taxonomic position of Pseudomonas
aeruginosa 81
3.2. Methods 84
3.3. Results and Discussion 89
3.3.1. The results of the biochemical tests 89
3.3.2. The results of the tests for growth of the 
isolates on different carbon and energy sources 93
3.3.3. An assessment of the methods of isolation and
confirmation used in the distribution survey 95
4.0. The distribution of -pyocine types of Pseudomonas
aeruginosa in water 97
4.1. Methods 97
4.2. Results and Discussion 107
4.2.1. The distribution of pyocine types of
Pseudomonas aeruginosa isolated from 
pathological material and associated 
environmental sources 107
4.2.2. The presence of Pseudomonas aeruginosa in
surface waters and sewage 114
4.2.3. The distribution of pyocine types amongst 
strains of Pseudomonas aeruginosa isolated’
from surface waters, sewage and potable water 118
(iii)
5.0. A .laboratory- study of some aspects of the
growth and, survival of Pseudomonas aeruginosa 
in potable water 128
5.1. The growth and survival of Pseudomonas
aeruginosa - a review of the literature 129
5.1.1. The growth of Pseudomonas aeruginosa on
plastics and elastomers commonly used in 
contact with potable water 129
5.1.2. The growth of Pseudomonas aeruginosa in
potable water 132
5.2. A laboratory study of the ability of certain
materials to support the growth of Pseudomonas 
aeruginosa in potable water 136
5.2.1. Methods 136
5.2.2. Results and Discussion 140
5.3. The use of materials capable of supporting
the growth of Pseudomonas aeruginosa in the 
distribution system 153
5.4. The influence of temperature on the survival
of different pyocine types of Pseudomonas 
aeruginosa in filter-sterilised tap water 156
5.4.1. Methods 156
5.4.2. Results and Discussion 156
5.5. The effect of chlorine on the survival of
Pseudomonas aeruginosa and Escherichia coli
in tap water 162
5.5.1. Methods 162
5.5.2. Results and Discussion 167
5.6. Summary 169
6.0. FINAL DISCUSSION The presence and significance 
of Pseudomonas aeruginosa in London's water 
supply
6.1. The presence of Pseudomonas aeruginosa in 
the distribution system
6.2. The significance of Pseudomonas aeruginosa 
in potable water
ACKNOWLEDGMENTS
BIBLIOGRAPHY
APPENDIX I - Personal Communications
APPENDIX II - Publications by the author 
cited inTthe thesis
(iv)
171
171
178
186
187
I. U. THe.-prQbl.ems and potential health hazards associated 
with .Pseudomonas aeruginosa in water - a review of 
the literature
Ps.aeruginosa, type species of the genus Pseudomonas, is a 
Gram negative, motile, non-sporing rod which is frequently 
capable of producing the water soluble pigment, pyocyanine, 
and the fluorescent pigment, fluorescein. The organism is 
regarded as ubiquitous and has been isolated from sewage, 
water, the intestinal canal of man, animals and birds, 
human skin and soil (Wilson & Miles, 1964). Ps.aeruginosa 
is resistant to many antibacterial agents and this, coupled 
with its biochemical adaptability, contributes to its 
importance as a pathogen of man and animals, as a spoilage 
organism and a slime producer in industrial situations 
(Hoadley, 1968) .
Reference to Ps.aeruginosa in the published literature 
abounds,.principally as a result of the emergence of this 
organism as a significant pathogen of man in the last two 
decades and additionally because its nutritional versatility, 
coupled with recent advances in technology, has led to an 
upsurge in the incidence of industrial spoilage problems 
associated with the growth of Ps.aeruginosa. This literature 
review centres on the salient features of Ps.aeruginosa 
as they relate to the presence and significance of 
Ps.aeruginosa in potable water. The general opinion that 
the presence of Ps.aeruginosa in potable water is undesirable 
is implied, but not substantiated by the literature.
However, the undesirability of Ps.aeruginosa in a wide 
variety of other circumstances is emphasised and confirmed 
by the literature.
1.1. Pseudomonas aeruginosa as a pathogen of man
Young and Armstrong (1972) in an extensive review of the 
literature on Ps.aeruginosa infections emphasised the 
increase in significance of Ps.aeruginosa as an animal 
pathogen since the advent of antimicrobial agents. Its
resistance to such agents and its predilection to 
'compromised hosts' such as the elderly, recipients of 
immunosuppressant therapy, cancer patients, victims of
traumatic injury ana premature names, nas placed it m  an 
unique position as the most common cause of serious 
infection amongst hospitalised patients. They cited a wide 
variety of clinical conditions which predisposed individuals 
to infection by this organism including leukaemia, immune 
deficiency syndromes such as granulomatous disease, burns, 
cystic fibrosis, heart and lung disease and transplant 
surgery. In most of these cases immunosuppressant or 
antimicrobial therapy appeared to facilitate infection by 
Ps.aeruginosa, which subsequently proved difficult to 
eradicate. The type of infection was dependent on the 
predisposing condition but normally took the form of 
broncho-pneumonia, septicaemia, multiple abscesses., 
pyelonephritis, post-operative wound infection, meningitis, 
conjunctivitis, enteritis or diarrhoea. Weissel et al 
(1977) cited Ps.aeruginosa as one of the causative organisms 
of acute suppurative thyroiditis.
Young and Armstrong (1972);suggested that four factors 
related to hospital practice could be responsible for this 
increase in Ps.aeruginosa infectionst-
i) the concentration of debilitated patients 
in hospital premises,
ii) the creation of intensive care wards which 
may increase the hazards of cross-infection,
iii) the introduction of new medical equipment 
which may be prone to contamination and 
serve as vehicles for the spread of infection,
iv) the widespread use of antimicrobial agents 
which are ineffective against Ps.aeruginosa.
The virulence of Ps. aeruginosa was investigated by Liu 
and Mercer (1963) in a study of the development of skin 
lesions in animals and they concluded that the virulence of 
the organism depended on both its ability to grow in animal 
serum and its ability to produce extracellular toxins. 
Strains that lacked either of these qualities were never 
found to be virulent to animals. Liu (1974) listed the 
extracellular toxins of Ps.aeruginosa implicated in 
pathogenicity as pigments, a phytotoxic factor, hydrocyanic 
acid, proteolytic enzymes, haemolytic substances, an 
enterotoxin, lethal exotoxins and surface slime. Liu and
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Ps.aeruginosa varied from individual to individual it was 
difficult, to quantify.
In any discussion of epidemiology the transmission of 
the microorganism should be considered. Infections may be 
endogenous in origin, the patient being a carrier of the 
organism on admission to hospital and dissemination of the 
organism from the site of carriage resulting in infection; 
or infections may be exogenous, the patient acquiring the 
organism from the. hospital environment or carriers. While 
both endogenous and exogenous infections have been . 
demonstrated in epidemiological studies of outbreaks of 
Ps.aeruginosa infection in hospital wards throughout the 
world, hospital plumbing systems and apparatus involving 
the use of water have frequently been implicated as the 
probable source of exogenous infections and some examples 
are cited in the following paragraphs.
Lowbury et al (1970) in a study of infected tracheostomy 
patients found that no single source of the organism could 
be identified. One case resulted from endogenous infection, 
another was probably acquired from the hands of nursing 
staff and the remainder may have been acquired from the 
inanimate environment or patients elsewhere in the hospital. 
The washbasins and sinks were found to carry an endemic 
strain of Ps.aeruginosa at all times, but it was rarely 
implicated in infection. However, the patient’s wash-boWls 
were frequently found to be contaminated before use by the 
patients. They concluded that the nursing staff were 
probably transferring the organism from the environment to 
the patient, or from patient to patient, and that the 
prevention of infection was dependent on increased discipline 
with regard to nursing techniques.
Jacobs (1964) in an investigation of Ps.aeruginosa 
infection in a paediatric unit described'the, predisposing 
factors as the debilitated condition of the patients, 
antibiotic therapy and the use of incubators which maintained 
a high humidity. Ps.aeruginosa was intermittently isolated 
from drains and sinks in the unit and they were considered 
to be a potential source of reinfection. Disinfection of 
the drainage system was not successful and fumigation with
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formaldehyde vapour only provided temporary relief from 
infection. Kohn (1970) considered that there was little 
doubt that contaminated plumbing systems assisted the spread 
of infection, in particular Gram negative bacteria such as 
Ps.aeruginosa, and he recommended the installation of 
electric heating elements into hospital sink and waste 
traps to enable effluent water to be boiled thus reducing 
the risk of contamination. Brown and Baublis (1977) found 
that the introduction of a germicidal hand wash in an 
intensive care unit reduced significantly the risk of 
sepsis and pneumonia arising from infection of newborn 
babies with Ps.aeruginosa. One strain of Ps.aeruginosa 
present in the washbasins was found to have colonised some 
patients after a 50 day interval during which time the strain 
could not be recovered from the patients or any other source 
except the washbasins. Anderson (1962) found that six out 
of ten hexachlorophene soap tablets collected from hospital 
patients at the time of their discharge yielded a heavy' 
growth of Ps.aeruginosa in the absence of Staphylococci.
He cited the water supply and hands as the source of 
contamination. Pine disinfectant and chlorxylenol . 
disinfectant (both diluted 1/20 with water) and a handcream, 
containing propyl and methyl hydroxybenzoate, were all found 
to be contaminated with Ps.aeruginosa by Baird and Shooter
(1976) in their study of contaminated pharmacy medicaments 
at St. Bartholomew’s Hospital, London.
Cooke et al (1970) found two sources of Ps.aeruqinosa 
in a maternity unit: the baby baths and the detergent used
for cleansing the skin of babies. Removal of these two 
sources was followed by a cessation in the faecal carriage 
of the organism by the babies, even though in one instance 
the organism was still present in the environment. They 
suggested that fewer organisms were required to be ingested 
by infants than adults to result in colonisation of the gut. 
Buck and Cooke (1969) found that ten million organisms were 
required to be ingested by adults before Ps.aeruginosa 
could be isolated from the faeces and colonisation occurred 
only once in their study in a case where ampiciilin was 
being administered. Shooter et al (1969), however, found 
that regular administration of a peppermint water
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of four out of seven patients receiving the water. A study 
of the distribution of Ps.aeruginosa serotypes in a Cancer 
Research Centre (Moody et al, 1972) indicated that different 
strains colonised different areas of the body and that some 
strains capable of colonising patients were also recoverable 
from the environment, in particular an ice-machine where it 
seemed probable that the contaminated ice accounted for an 
increase in the recovery of a particular strain of 
Ps.aeruginosa from patients receiving the ice. In a 
premature baby unit, Jellard and Churcher (1967) observed 
that Ps.aeruginosa was present in the faeces of full-term 
and premature babies but that it was pathogenic only to the 
premature babies. In this .case, the organism was not 
isolated from the environment and the source was considered 
to be the faeces of the infants.
Ps.aeruginosa was isolated from diluted acrylic emu2.sion 
floor polish applied in the form of a spray to hospital 
floors (Meers & Grant, 1977). The results of experimental 
work with diluted floor polish showed that strains of 
Ps.aeruginosa isolated from floor polish and clinical 
specimens were capable of growth in 1/4 and 1/8 dilutions of 
polish made with tap water. The use of contaminated polish 
sprays were considered by Meers and Grant (1977) to present 
a significant risk of infection to hospitalised patients. 
Another possible source of Ps.aeruginosa within the hospital 
environment was identified by Knappett and Jacques (1977) 
who cultured the organism from eleven out of twenty-four 
plastic weight bags. These weight bags held up to two 
gallons of water and acted as alternatives to the traditional 
metal weights used for the traction fixation of fractures.
The bags were susceptible to occasional accidental damage 
so the addition of chlorine to the water in these bags was 
recommended in order to prevent possible dissemination of 
Ps.aeruginosa from this source.
Dust on the floor of a hospital ward, previously used 
to accommodate burns patients, was found to contain 
Ps iaeruginosa for a period of eight weeks after closure of 
the ward (Hurst & Sutter, 1966) and Bodey (1970) isolated 
the organism from the sinks, air and floor in a ward
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containing leukaemic patients. Bassett et al (1965) 
cited aspirators as the probable source of infection with 
Ps.aeruginosa in newborn infants and they found that the 
resulting diarrhoea and vomiting was more severe in the 
premature babies.
Wilson et al (1961) isolated Ps.aeruginosa from four
out of five faucet aerators in a nursery and from water
drawn through the aerators. Tap water supplying the
aerators was not contaminated. The water from these faucets
was used to dilute disinfectants used in the incubators and
for hand washing and it was considered as a likely source
of infection. Whitby and Rampling (1972) showed that sinks
and drains in hospitals were frequently found to harbour
Ps.aeruginosa whereas in the domestic environment it was
comparatively rare. Disinfection of the sink traps failed
to eradicate the organism. The absence of Ps.aeruginosa
r\
from domestic kitchepa' sinks was also a significant finding 
of Finch et al (1978) in their bacteriological survey of 
the domestic environment. Ps.aeruginosa was isolated from 
only one of the twenty-one houses studied. This isolation 
was made from the living room carpet which had recently 
been shampooed and was still damp at the time of sampling. 
Rubbo et al (1966) found that the most notable source of 
Ps.aeruginosa infections in a premature baby ward was the 
mechanical suction units. These units were found to be 
heavily contaminated and the rubber suction tubing provided 
the most persistant focus of Ps.aeruginosa. The use of 
disposable transparent plastic tubes in place of the rubber 
tubes coupled with other disinfection and sterilisation 
procedures prevented any further outbreaks of infection in 
the ward.
There is, therefore, little doubt that the presence of 
Ps.aeruginosa in the hospital environment presents a serious 
hazard to the debilitated patient and that the nature of the 
infection is dependent on the predisposing condition of the 
individual concerned. The source of infection has been 
shown to vary, but the transmission from patient to patient 
and from environment to patient has been demonstrated. 
Survival of the organism in dust and air has been shown to 
occur in hospital wards but more importantly its ability to
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rubber tubing, baby* s ■washbowls and baths, soap, ice-making - 
machines and in floor polish, disinfectants and carpet 
shampoos when diluted with water, has been demonstrated. In 
view of the apparent role of moisture in aiding the survival 
and growth of Ps.aeruginosa, the presence of Ps.aeruginosa 
in water supplied to hospitals would therefore seem to 
present a constant hazard of indirect infection.
Ps.aeruginosa has been documented as a secondary 
bacterial invader of such areas of the human body as the 
skin, hands, feet, ears, nose and throat. Goldman and Fox 
(1944) stated that infection of the hands with this organism 
was not uncommon, and they cited two cases where excessive 
growth of Ps.aeruginosa resulted in an intense green 
pigmentation of the nail plates. The predisposing conditions 
were in one case a second degree burn on the shoulder and 
in the other contact dermatitis of the infected hand. 
Paronychial infection of the thumb was common to both cases 
and prolonged immersion of the hands in water may have 
predisposed to the infection of the macerated epithelium.
The effects of heat stress and hyperhydration on the microbial 
flora of the skin were studied by Taplin et al (1965) . They 
observed a marked increase in the incidence of Ps.aeruginosa 
infected toe webs in soldiers on active service in the 
jungle. Hojyo-Tomoka et al (1973) in their examination of 
Pseudomonas infections of superhydrated skin clearly 
demonstrated that normal skin when held in a superhydrated 
condition developed high levels of Ps.aeruginosa which 
resulted in dermatitis. Although in experiments the skin 
was not inoculated with Ps.aeruginosa it was covered with- 
pads soaked in tap water and Hojyo-Tomoka et al (1973) 
considered that the tap water may have been the source of 
Ps.aeruginosa. They‘emphasised that water needed to be 
present in amounts sufficient to superhydrate the horny 
layer of the skin before Ps.aeruginosa colonisation resulted. 
Hojyo-Tomoka et al (1973) illustrated their findings by 
citing reported clinical infections; these included' 
.paronychia restricted to house-wives whose occupation 
required frequent immersion of the hands in water, otitis
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externa mrection or tne ear canal m  swimmers ana aivers ), 
tpe infections in soldiers wearing boots for extended 
periods of time and infected wounds under plaster casts.
The use of contaminated ophthalmic fluids has led on 
several occasions to Ps.aeruginosa infections of the eye; 
one example being three cases of corneal ulcer which 
resulted from the use of contaminated fluorescein eye drops 
(Lepard, 1942). Richards (1975) cited many incidents of 
Ps.aeruginosa contamination of eye products including 
ophthalmic fluids, steriod creams, detergent solutions, 
shampoos and eyeliners in a discussion of the in vitro 
eradication of Ps.aeruginosa. He suggested that the likely 
source of such contamination was the water used in the 
preparation of these products and that a further hazard was 
the diluted product itself acting as a suitable growth 
medium for Ps.aeruginosa. Minute abrasions of the corneal 
epithelium such as those produced by improper use of contact 
lenses are sufficient for Ps.aeruginosa to gain access to 
the cornea (Gerke and Magliocco, 1971) and rapid permanent 
damage to the eye frequently results. An outbreak of post­
operative infection in an eye hospital, which gave rise to 
panophthalmitis in the majority of patients, was traced to 
the use of a contaminated saline solution. Six patients 
lost the use of an eye as a result (Ayliffe et al, 1966) .
Five cases of corneal abscess due to Ps.aeruginosa occurred 
after the removal of corneal foreign bodies and a consequent 
study of 100 cases of healthy conjunctival flora revealed a 
low incidence of Ps.aeruginosa (Tamura and Koaasi, 1965) .
It was the conclusion of this study that inadequate 
disinfection of surgical instruments was the source of the 
infection.
Many workers have regarded Ps.aeruginosa as the major 
etiological agent of otitis externa which can lead to 
complications such as mastoiditis, abscess of the brain and 
meningitis. The organism is not a normal inhabitant of the 
ear but Hoadley (1968) cited isolation figures of 100% from 
severely infected ears, 65 - 80% from acute cases of otitis 
externa, 63% from moderately infected ears and 38% from 
mildly infected ears. He felt that the relationship between 
bathing and infection of the ears with Ps.aeruginosa was
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well established and that Ps.aeruginosa should be used as 
an indicator of bathing water quality. A study of acute 
otitis externa in North Sea divers (Alcock, 1977) motivated 
by the high morbidity resulting from this disease further 
emphasised the strong association between colonisation of 
the ear canal by Ps.aeruginosa and otitis externa. A marked 
change from a Gram positive to Gram negative flora shortly 
after immersion was observed in swimmers* ears by Wright 
and Alexander (1974). They considered that trauma or 
irritation of the external ear followed by infection with 
Gram negative bacteria frequently resulted in otitis externa.
A further association between bathing and Ps.aeruginosa 
infection was.reported on three separate occasions when 
Ps.aeruginosa was implicated as the causative agent of a 
pruritic pustular rash in North Carolina and Minnesota 
(Report, 1975a; Report, 1975b). In one incident 49 out of 
73 students using a hotel swimming pool and whirl pool 
developed a rash, along with other hotel guests, and 
Ps.aeruginosa was isolated from skin pustules of four 
students. The second outbreak followed a similar pattern 
with 61 hotel bathers reporting skin, rashes after a weekend 
of bathing in the whirl pool at the hotel. High water 
temperature and inadequate chlorination were considered to 
be important contributing factors in these outbreaks and 
despite initial doubts, Ps.aeruginosa was considered to be 
the most likely cause of the observed skin rashes.
Ps.aeruginosa has also been implicated as one of the 
causative agents of pyrogenic reactions -experienced by renal 
dialysis patients both in the hospital and the home. Dialysis 
equipment has now been recognised as providing a suitable 
fluid environment for the multiplication of certain Gram 
negative water bacteria (Blagg and Tenckhoff, 1975) and 
Ps.aeruginosa has been isolated from various dialysate 
distribution systems. Such microbial contamination presents 
a number of hazards to the patient:-
i) direct bacterial contamination of the blood 
following loss of integrity of the membrane,
ii) pyrogenic reactions resulting from the 
production of endotoxins, exotoxins and other 
metabolic products by the actively multiplying 
bacteria (specific antibodies to such products
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and pyocyanine pigment often produced by 
Ps.aeruginosa has been shown to pass through 
dialysis membranes by Kidd (1964) ),
iii) contamination of the equipment leading to
contamination of the immediate surroundings, 
posing the risk of transmitting infection to 
the immunosuppressed patient (Blagg and 
Tenckhoff, 1975).
The importance of the water supply as a potential source of 
microbial contamination in dialysis units was emphasised by 
Blagg and Tenckhoff (1975) and there seems little doubt 
that the presence of Ps.aeruginosa in the water supply to 
such a unit would present a high risk of infection. The 
isolation of Ps.aeruginosa from a home dialysis unit's water 
supply at a time when the patient was suffering from a 
pyrogenic reaction was reported by Burman and Colbourne (1979).
Ps.aeruginosa must therefore be considered significant 
as a secondary bacterial invader of man and because water has 
been shown to be a common source of infection the presence 
of Ps.aeruginosa in water supplied to bathing pools, 
manufacturing plants and domestic premises must present a 
certain degree of risk of both direct and indirect infection.
Ps.aeruginosa in the water supply could be minimised by 
additional water treatment and by instituting careful 
controls within hospitals and manufacturing plants but the 
same cannot be said of water supplied to susceptible people 
within the general community.. The people most, at risk 
within the community, such as home dialysis .patients and. 
those receiving out-patient antibiotic, and immunosupressant 
therapy, are likely to increase with the shortage of hospital 
beds, and increased longevity has already led to an increase 
in the number of community institutions for the elderly.
Even if these people could be identified and their water 
supply specially monitored, the healthy adult population 
might still run the risk of 'skin rashes and ear infections 
from bath water, eye infections from the use of contact 
lenses and cosmetic products brought into contact with tap 
water and hand infections from washing-up water. The absence 
of clinically based epidemiological studies within the
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those of Richards (1975) and Hoadley (1977) who stated that 
Ps.aeruginosa in potable water presented a potential health 
hazard that should be viewed with great concern and that 
precautions should be taken to prevent exposure of susceptible 
people and to eliminate the organism by strict and selective 
microbiological control of water supplies.
1.2. Pseudomonas aeruginosa as a pathogen of animals
Ps.aeruginosa has been described as a pathogen of mammals 
(Mushin & Ziv,'1973a), insects (Bucher & Stephens," 1957) and 
birds (Niilo, 1959? Mazzelti, 1972), and while it causes 
sporadic infections in domestic animals it has been known to 
cause severe epidemics in such wild animals as minks and 
chinchillas (Lusis & Soltys, 1971). The clinical conditions 
vary and are to some extent dependent on the host species, 
for example:-
Cattle mastitis, reproductive and respiratory 
tract infections, enteritis, otorrhea, 
arthritis, lymphanditis.
Sheep mastitis, pneumonia, lung abscess.
Goats mastitis.
Horses reproductive tract infections, lung 
abscess.
Pigs enteritis, respiratory tract infections.
Dogs reproductive tract infections, pneumonia, 
otorrhea, endocarditis.
Cats conjunctivitis, urethroadenocystitis.
Laboratory
animals
enteritis, pneumonia.
Fowls enteritis, oedema, keratoconjunctivitis. 
(from Lusis & Soltys, 1971)
Ps.aeruginosa is not considered to be a common cause 
of bovine mastitis in this country but Mushin and Ziv (1973a) 
reported a high frequency of Ps.aeruginosa bovine mastitis 
in Israel and in one outbreak 80% of the herd was infected 
with the organism. In a study of Ps.aeruginosa in animals 
Bergan (1972) found that the same strains could be isolated 
from animals and humans in close contact with each other.
The clinical pattern of Ps.aeruginosa infections appears to 
be similar in animals and man, particularly post-operative 
infections (Cross et al, 1975) and otitis externa (Blue et
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as a reservoir of infection for man.
There has not been much -work carried out on the 
epidemiology of Ps.aeruginosa infections in animals but 
Mushin and Ziv (1973b) isolated'the organism from both the 
faeces of cattle and the farm water supplies associated with 
infected cattle herds. Intestinal carriage of Ps.aeruginosa 
is considered to be rare inmost animals (Hoadley & McCoy, 
1968) but high faecal carriage rates in cattle and calves
have been reported occasionally (Mushin & Ziv, 1973a). Mushin
and Ziv (1973b) did. not find much evidence that suggested 
frequent transfer from one reservoir of infection to another 
in relation to bovine mastitis. One outbreak of mastitis 
in a dairy herd was, however, traced to the presence of 
Ps.aeruginosa in the water used for udder washing (Davis,
1972) and the source of Ps.aeruginosa was considered in this 
case to be a dead rat in the water tank. A skin infection 
in laboratory rabbits was also traced to a contaminated water 
tank which dripped water onto the backs of rabbits (O’Donaghue 
& Whatley, 1971) . In a third case water used in milking 
equipment, which came into contact with the cow’s udders, 
was the probable source of infection with Ps.aeruginosa.
Infections of animals, birds and insects can result in 
economic loss to breeders and farmers, the most obvious case 
being the loss of milk yield from infected dairy herds.
Other less commonly encountered problems are rupture of the 
gut in laboratory reared grasshoppers (Angus, 1965), dead-in- 
shell embryos in a chick hatchery - where the water was 
cited as the source of contamination (Sadasivan et al, 1977)
- and the discoloration of sheep wool (Tonder et al, 1976).
In the latter case 50% of the fleeces in one flock were 
discoloured and the pigment, ^pyocyanine, was considered to 
be responsible for the green colour observed in the wool. 
Scouring of the affected fleeces did not remove the staining 
and Tonder et al (1976) emphasised the great economic 
significance of this problem. Severe wet weather was cited 
in this example as the most significant predisposing factor 
to infection,* it would therefore seem likely that any 
operation which involved the drenching of sheep with water, 
e.g., washing and dipping, could result in infection if the
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It seems clear that Ps.aeruginosa is capable of 
producing infections in both domestic and wild animals, 
birds and insects, and the presence of Ps.aeruginosa in 
associated water supplies has been cited as a likely source 
of infection on several occasions. Perhaps the most 
important aspect of Ps.aeruginosa infections in farm stocks 
and laboratory animals is the economic loss that results from 
either death of the animals or loss of their yield.
1.3. Pseudomonas aeruginosa as a pathogen of plants
In a study of the green fluorescent group of bacterial plant 
pathogens, Elrod and Braun (1942) found that one organism 
described as Phytomonas polycolor, was in fact \
indistinguishable from the bacterium Ps.aeruginosa. The 
organism was described as the etiological agent of an 
economically important disease of the tobacco plant, and 
they succeeded in reproducing the same symptoms of disease 
in experimental plants with cultures of both Ps.aeruginosa 
and Phytomonas oolycolor. The plants appeared more 
susceptible to Ps.aeruginosa infection when they were water 
soaked, and spray inoculations of lettuce plants produced 
a severe rot and wilt. Many of the cultures also produced 
a rot in potato, cucumber and onion plants and the highly 
pigmented strains appeared to be the most infective. Elrod 
and Braun (1942) commented that immunisation of rabbits 
with phytobacteria occasionally led to the death of some of 
the animals and unlike some phytopathogenic bacteria,
Ps.aeruginosa was readily recovered from these animals 
during autopsy. The observed infection was usually a 
fulminating bacteraemia.
There are a variety of conditions, such as storage, 
water soaking, high temperature and high humidity, which 
predispose a plant to infection with Ps.aeruginosa and the 
disease can often be acute and widespread. Elrod and Braun 
(1942) expressed the opinion that the presence of Ps.aeruginosa 
in the soil may act as a reservoir of infection and"this idea 
was further supported by Green et al (1974) who isolated 
Ps.aeruginosa from 24% of soil samples examined. The
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aosence or organic rerunsers, grazing ammais ana 
irrigation water from the fields studied led Green et al 
(1974) to suggest that Ps.aeruginosa was a common soil 
inhabitant, despite the fact that an earlier study by Ringen 
and Drake (1952) revealed an isolation rate of only 3% from 
soil. Green et al (1974) also demonstrated that multiplication 
of Ps.aeruginosa in lettuce and bean plants occurred under 
conditions of high temperature and humidity - the growth 
declined as the temperature and humidity were reduced.
Ps.aeruginosa has been isolated from a number of other 
plants including tomatoes and celery, and salad vegetable's 
have subsequently been implicated as sources of infection in 
hospitals (Kominos et al, 1972). The harvesting, handling 
and transportation of tomatoes may bring them into contact 
with the organism while they are in a susceptible condition, 
and growth of Ps.aeruginosa may possibly result. Kominos et 
al (1972) obtained high counts of Ps.aeruginosa from 
transported vegetables which supported this idea. Green et 
al (1974) isolated Ps.aeruginosa from only 0.13% of vegetables 
in the field and they considered this to be an indication 
that some other factor, such as transportation and processing 
or heavy rainfall and sprinkler irrigation, was required to 
facilitate access and entry of the organism to the plants. 
Ornamental aquarium plants have also been shown to provide 
a suitable substrate for the growth of Ps.aeruginosa and 
Trust and Bartlett (1976) isolated the organism from 53% 
of aquarium plants examined. The establishment of aquaria 
in institutions and hospitals has become commonplace and it 
may be that they act as a source of nosocomial infection. 
Similarly, ornamental plants, flower vase water and soil 
from potted plants in hospitals have all been found to act 
as reservoirs for pathogenic bacteria, in particular 
Ps.aeruginosa (McClary & Layne, 1977) and as a result of 
these findings it was proposed that ornamental plants should 
be treated with antibacterial agents before placement on 
hospital wards.
Ps.aeruginosa therefore holds an important position as 
an animal and plant pathogen and some strains of the organism 
isolated from infected plants are capable of infecting 
animals. High humidity and temperature are significant
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plants and as these conditions are commonly found in 
greenhouses, the expansion of glasshouse culture for such 
crops as lettuce and tomatoes using stored water and mains 
supplies poses the likelihood that the presence of 
Ps.aeruginosa in mains water will lead to infected crops and 
a resultant economic loss to the cultivator. Furthermore, 
the recent introduction of hydroponic culture techniques 
could well provide ideal conditions for the multiplication 
of Ps.aeruginosa. The presence of Ps.aeruginosa in water 
supplies used for the. cultivation and processing of food 
crop plants, therefore, seems undesirable on two grounds; 
economic loss and possible transmission of Ps.aeruginosa 
to susceptible animals and people.
1.4. The occurrence of Pseudomonas aeruginosa in water
The natural waters, of the earth are the oceans and seas, the 
lakes and rivers, snow, ice and subsurface waters including 
soil and ground water. The majority of the water in the 
hydrosphere is in the oceans and seas (97%), the remainder 
being divided between surface (2.5%) and subsurface (0.5%) 
water (Holden, 1970). This review deals primarily with 
surface and subsurface waters which are catergorized 
according to function e.g., recreational water, potable water 
and water used in industrial premises. The occurrence of 
Ps.aeruginosa in water is determined to some degree by its 
treatment and usage and the presence and significance of 
Ps.aeruginosa in water is therefore discussed in relation to 
water function.
1.4.1. Surface waters and recreational marine waters
Current knowledge on the occurrence of Ps.aeruginosa in 
surface waters is based for the most part on the work of 
Hoadley (1968) carried out in the United States of America.
He considered that the primary source of Ps.aeruginosa 
reaching surface waters was the intestinal tract of man and 
that transmission was effected by sewage effluents. Evidence 
to support this opinion was provided by a study of sewage 
plants in Madison, Wisconsin, which revealed that the median
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was 2250 per ml and Hoadley (1968) observed a 99% reduction 
in the median population of Ps,aeruginosa from 3300 per ml 
in raw sewage to 35 per ml in final effluent, prior to 
chlorination, in a secondary treatment plant based on 
trickling filters and activated sludge plants operated in 
parallel. In contrast, however, Hoadley (1968) also 
demonstrated growth of Ps.aeruginosa in both sewage held 
under aerobic conditions in the laboratory and trickling 
filters receiving wastes from a meat packing plant.
Stormwater was identified by Hoadley (1968) as a secondary 
source of Ps.aeruginosa; the median population of two 
stormwater outfalls over one year being 4.9 per ml and 2.0 
per ml. He also considered domestic animals as a minor source 
of Ps.aeruginosa and isolated 0.5 per ml from barnyard 
drainage water.
In order to support his opinions Hoadley (1968) studied 
the Ps.aeruginosa population of two different streams 
receiving effluent from sewage treatment plants. The 
loadings on these streams were 35 and 90 lbs B.O.D. and the 
median populations of Ps.aeruginosa below sewage outfalls in 
these streams were 13 per ml and 95 per ml respectively.
During periods of low flow, the population in the latter 
stream approached those observed in raw sewage, 2400 per ml 
(1965) and 9 20 per ml (1966). Samples collected downstream 
of both outfalls indicated that the median population of 
Ps.aeruginosa declined by 90% within three hours. Hoadley
(1968) rarely isolated Ps.aeruginosa from surface waters 
remote from human activity, but low populations of 
Ps.aeruginosa were detected from lake and marsh waters where 
the water temperature approached 30°C. These waters were 
enriched with decaying algae and the bottom sediments were 
disturbed by strong wave motion. Populations of Ps.aeruginosa 
exceeding 1 per ml were occasionally detected in Madison 
Lake water. Hoadley (1968) concluded that populations less 
than 100 per 100 ml in surface waters reflected drainage from 
inhabited areas, whilst populations in excess of 100 per 
100 ml probably resulted from sewage discharges-. In Hoadley's 
opinion the rapid decline in numbers of Ps.aeruginosa in 
flowing waters limited the usefulness of Ps.aeruginosa as an
- 16 -
muiuatui. ui uxits px tsatixiut; ui enxtirnj paLnogens in surrace 
waters, as did its ability to multiply in organically 
enriched waters. In a more recent review on the potential 
health hazards associated with Ps.aeruginosa in water 
Hoadley (1977) still considered human wastes and run-off 
from urban areas to be the major sources of Ps.aeruginosa 
in surface waters.
Cabelli et al (1976) studied Ps.aeruginosa and faecal 
coliform densities in the estuarine and fresh waters of 
Rhode Island, U.S.A., during 1971. They considered that 
Ps.aeruginosa populations in these waters were affected by 
geographical and seasonal factors, and they observed, on 
one occasion, the discharge of large numbers of Ps.aeruginosa 
from a non-faecal source - effluent from a textile mill. 
Cabelli et al (1976) considered that high densities of 
Ps.aeruginosa coincident with high faecal coliform levels 
probably indicated that the source of coliforms was not 
faecal wastes and that the occurrence of faecal coliforms 
exceeding 1000 per 100 ml, coupled with counts of less than 
1 per 100 ml Ps.aeruginosa, indicated animal not human 
faeces as the source of pollution. Cabelli et al (1976) 
identified two separate situations; faecal pollution 
carried to beaches by North winds and concurrent peaking of 
Ps.aeruginosa densities on the first and second days after 
these North winds, and multiplication of Ps.aeruginosa in 
recreational waters receiving discharges of nutrient 
materials.
Foster et al (1971) collected data on Ps.aeruginosa and 
coliform densities in three natural water bathing beaches.
The monthly average level of Ps.aeruginosa ranged from 48 
per 100 ml to 491 per 100 ml and the level increased 
throughout the summer at each of the beaches. They 
concluded that an algal bloom at one of the beaches during 
July was the probable cause of their inability to detect 
Ps.aeruginosa in the water immediately after the bloom. A 
public health survey concurrent with this investigation did 
not reveal any evidence of an epidemic of swimming related 
illness even though the operative bathing water standard 
of 1000 coliforms per 100 ml was exceeded on several 
occasions.
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technique found that the frequency (86.2%) of Ps.aeruginosa 
in Budapest, Hungary, surface waters was almost as high as 
in sewage (95.7%). They concluded that this was indicative 
of a high sewage-load on the natural waters in Budapest and 
they supported this opinion by their finding that samples 
collected from the River Danube above the city showed a 
lower frequency of Ps.aeruginosa than samples collected from 
the river below the city. Lanyi et al (1966/67) also found 
a higher frequency of Ps.aeruginosa in sewage (10%) than 
river water (1.8%) in villages and small towns in three 
counties., in Hungary.
Kenner et al (1971) examined the rate of die-off of 
pathogens in polluted waters and the percentage reduction 
for faecal coliforms was 96% in comparison to 40 - 50% for 
Ps.aeruginosa and 7 - 10% for Salmone11a spp. This data was 
collected from small package treatment plants where often 
the only inflow to the plants was their output effluent. In 
warm weather the level of Ps.aeruginosa was found to be 
16,000 per 100 ml, four times the faecal coliform level of 
4000 per 100 ml. Kenner et al (1971) also found that 
Ps.aeruginosa and Salmonella spp persisted in treatment plant 
sludges applied to agricultural grass lands for periods of 
up to 21 weeks. Coetze and Fourie (1965) found that 
Ps.aeruginosa unlike E.coli, Salmonella typhi and Clostridium 
perfringens showed an overall increase of 73.5% from settled 
sewage through to the primary and secondary filters in 
sewage plants. In stabilization and maturation ponds, 
however, the percentage reduction of Ps.aeruginosa was as 
high as that of the other pathogens and was in the order of 
99%. Although Coetze and Fourie (1965) observed that the 
rates of die-off of Ps.aeruginosa and E.coli were identical 
in polluted waters they suggested that the same would not 
hold for cleaner waters.
Grabow and Nupen (1972) isolated Ps.aeruginosa in the 
order of 10^ per 100 ml from city sewage and hospital waste 
waters discharged into the municipal sewers. Hospital 
effluents were therefore considered to be a significant source 
of Ps.aeruginosa in sewage and thus surface waters.
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The presence of Ps.aeruginosa in polluted surface water 
seems, therefore, to result primarily from sewage outfalls 
and municipal drainage water and the rapid die-off of 
Ps.aeruginosa in flowing surface waters in urban areas, 
coupled with its apparent ability to multiply at some stages 
of the sewage treatment process, has led to the widespread 
opinion that the*presence of Ps.aeruginosa in such waters is 
indicative of recent human faecal pollution. A low level of 
Ps.aeruginosa in rural streams and rivers is probably 
indicative of a source of pollution related to animal 
excrement. The appearance of Ps.aeruginosa in estuarine 
bathing waters, lakes and marshes appears to be less well 
understood and its usefulness as an indicator of faecal 
pollution in these waters is further complicated by the 
multiplication of Ps.aeruginosa when suitable conditions 
(water temperature and nutrients) prevail.
1.4.2. Water used in manufacturing plants
Nutritional versatility is the most important characteristic 
of PS.aeruginosa that has led to its prominant role in the 
spoilage of a wide range of materials. The range of products 
susceptible to contamination with Ps.aeruginosa (cited by 
Richards, 1975) encompasses petroleum products such as 
cutting oils, jet fuels and oil well brines, non-ionic 
surfactants used in cosmetics and pharmaceutical products, 
plastics particularly those containing plasticisers, paints 
and varnishes, photographic materials and paper. Much of 
the literature on the contamination of equipment and materials 
with Ps.aeruginosa centres around products used within the 
hospital environment, where the hazard to health is more 
obvious because of the presence of susceptible people. A 
number of these incidences have already been cited in Section
1.1. such as.the growth of Ps.aeruginosa in disinfectants, 
ophthalmic solutions, soaps and polish. The problems of 
Ps.aeruginosa contamination are not, however, confined to 
the hospital environment where the hazards are well 
recognised.
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Richards (1975) identified five possible sources of 
contamination of materials with Ps.aeruginosa; raw materials, 
the manufacturing plant, water supplies, personnel and the 
hospital environment. Raw materials based on synthetic or 
semisynthetic materials were considered to be free from 
microorganisms but extracts of animal and plant tissues that 
were not subjected to heat treatment during extraction were 
thought to be likely reservoirs of microorganisms. Robinson 
(1971) suspected that magnesium hydroxide prepared from sea 
water, an ingredient of antacid formulations, was the source 
of Ps.aeruginosa in these products. The requirement for 
clean operating conditions and well designed plant in the 
production of cosmetics and pharmaceuticals is well recognised 
and Richards (1975) cited the bulking of molten ointments 
into tanks, where separation of the aqueous layer occurred 
on cooling, as a typical example of the kind of manufacturing 
condition that favours. ‘ the - growth of Ps . aeruginosa . . In the 
particular case that was cited the final products contained 
more than 2000 Ps.aeruginosa per gram. Richards (1975) 
considered that contaminated water served as the most 
frequent vehicle of product contamination and that often the 
process of manufacture and storage of the product provided 
conditions that were selective for the multiplication of 
Ps.aeruginosa. He emphasised that the presence of Ps.aeruginosa 
in a potable water supply did not render the water non-potable 
from a public health point of view according to Report 71
(1969), the current British document on the bacteriological 
examination of water supplies, and he suggested that potable 
water was not therefore suitable for the manufacture of 
pharmaceuticals and cosmetics by virtue of the lack of 
standards relating to Ps.aeruginosa. In support of this 
opinion standards for the presence of Ps.aeruginosa now 
appear in both the British Pharmacopoeia (1973) and the 
United States Pharmacopoeia (1975). Although the literature 
contains numerous examples of the contamination of cosmetics 
and pharmaceuticals with Ps.aeruginosa, notably those 
prepared in hospital pharmacies, few of these examples 
include full details of how the products became.contaminated. 
Richards (1975) was nevertheless convinced from his extensive 
examination of the literature that the storage of water in 
tanks, and passage through pipelines, pumps, filters and
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likely to lead to the multiplication of Ps.aeruginosa which 
initially entered the system from the public water supply.
The role of bacteria belonging to the genus Pseudomonas 
in the production of industrial slimes related to water 
supplies was elucidated by Poynter and Mead (1964). They 
cited numerous incidences of slime formation in the water 
supply area of the Metropolitan Water Board over a ten year 
period. These included distilleries, printing works, wine 
and spirit stores, manufacturers of cosmetics, paint, 
varnish, chemicals, photographic materials and paint brushes. 
Poynter and Mead (1964) concluded.that the presence of a~ 
volatile organic solvent in the atmosphere surrounding a 
tap or water tank provided sufficient organic carbon to 
stimulate the growth of slime producing fungi and bacteria 
that often occur as components of the flora of tap water. 
Experiments were successfully devised to reproduce slime 
formation on taps .in the laboratory in the :presence-. of - a . 
number of solvents including methanol, ethanol, acetone and 
n-propanol, and one of the species of bacteria commonly 
involved was found to be Ps .aeruginosa. The development of 
slimes of this nature can impede the work being conducted 
in the affected premises and alcoholic slimes in humidifiers 
in three printing works have been cited as the probable 
cause of respiratory allergies amongst the staff of the 
affected works (Report, 1968). In these particular examples 
methylated spirits was used to clean the type faces and in 
the same area water from humidifiers was sprayed into the 
atmosphere to maintain the correct humidity to prevent 
distortion of the paper during printing. The sprays were 
fed from header tanks which rapidly developed- slimes in 
the presence of ethanol and fungal spores and bacteria were 
consequently sprayed in large numbers into the atmosphere.
The allergic response was cited in this Report (1968) as 
being clinically similar to the allergic pulmonary disease 
that results from the inhalation of organic dust.
The ability of Ps.aeruginosa to multiply in metal cutting 
fluids and to oxidise a number of different hydrocarbons in 
petroleum products is well recognised and Feisal and Bennet 
(1961) investigated the effect of the salts found in hard
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water on tne growtn of Ps.aeruginosa in a chemical coolant 
and an emulsion oil. The results of the work of Feisal 
and Bennet (1961) showed that the salts present in hard 
water stimulated the growth of Ps.aeruginosa and this 
agreed with their observation that the most critical 
problems pertaining to the deterioration of metal cutting 
fluids occurred in hard water areas. In addition hard water 
salts have been found to inhibit the activity of several 
antimicrobial agents such as phenols, quaternary ammonium 
products and cationic detergents, normally used to protect 
cutting fluids from microbial attack (Feisal & Bennet, 1961). 
The use of hard water to make up cutting fluids is therefore 
likely to encourage the multiplication of Ps. aerucrinosa.
The growth of bacteria in jet fuel, stored under water 
in tanks, is known to give rise to deposits of sludge that 
can produce blockages in the filter systems of aircraft 
and Edmonds (1965) examined 43 different microorganisms 
isolated from jet fuel for their ability to utilise the 
fuel as a sole carbon source. Three of these cultures 
exhibited the ability to grow at the expense of the jet 
fuel and one of these was a strain, of Ps.aeruginosa. The 
remaining cultures were capable only of survival, not growth.
The presence and growth of Ps.aeruginosa in many 
different products and materials is well documented and 
water has been cited as one of the most important vehicles 
of contamination. The absence of Ps.aeruginosa from a 
range of medicinal products is now a standard requirement 
in the United Kingdom and the United States of America and 
in a discussion of objectionable microorganisms in non- 
sterile drugs and cosmetics Bruch (.1972) stated that it is 
the manufacturer who bears the responsibility for 
controlling the microbiological quality of these products.
In addition it seems conceivable that under the health and 
safety at work legislation the growth of Ps.aeruginosa in 
the factory environment may well constitute a hazard to 
employees. It is apparent, therefore, that the opinion 
as to the significance of Ps.aeruginosa in water supplied 
to manufacturing premises is changing from one of economic 
spoilage towards the problem of direct or indirect health 
hazard to employees and the general public. It is to be
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in pressure from industry towards the Water Industry to 
redefine the present concept of potable water in respect of 
the presence of Ps.aeruginosa.
1.4.3. Bathing water
A number of epidemiological studies have been conducted in 
an attempt to determine if a relationship exists between the 
microbiological quality of swimming pool water and the 
transmission of infectious disease agents to swimmers. Mood
(1977) considered that very few of these studies showed any 
significant relationship. Ps.aeruginosa infections of the 
outer ear and skin, discussed in Section 1.1., have been 
related to swimming and Hoadley (1977), while noting the 
absence of clinical studies upon which standards for the 
presence of Ps.aeruginosa in swimming pool water could be 
based, emphasised that the presence of Ps.aeruginosa in 
swimming pool water was a matter for concern and precautions 
to eliminate the organism were considered by him to be 
essential. Foster et al (1971) conducted a critical 
examination of bathing water quality standards and although 
a standard related to indicators of possible enteric diseases 
has some value, they considered that as the majority of 
illness related to swimming was transmitted by contact, not 
ingestion, other indicators more clearly related to 
•respiratory and skin disease would be more appropriate.
Irrespective of the debate as to the usefulness of 
Ps.aeruginosa as an indicator of bathing water quality, there 
appears to be no doubt that large numbers of. Ps.aeruginosa 
can often-be recovered' from pool water.' Favero et al (1964) 
studied twelve recirculation pools which differed 
operationally in respect of their size, usage and filtration 
systems and they considered that Ps.aeruginosa did not occur 
in large, well chlorinated pools unless chlorine residuals 
were low. However, the incidence of Ps.aeruginosa was high 
in pools employing sodium dichloroisocyanurate as the 
disinfection agent. The average number of Ps.aeruginosa per 
100 ml was 0/100 ml and 0.36/100 ml from chlorinated pools 
and 39.4/100 ml from cyanide stabilised chlorinated pool
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water. In the latter pool water the greatest number of 
Ps.aeruginosa found was 232/100 ml. Hoadley et al (1975) 
isolated 350/100 ml Ps.aeruginosa from a pool in a training 
centre in Florida at a time when the free chlorine residual 
was 0.15 mg/l. Jacobson et al (1976) examined the evidence 
available from the three outbreaks of - skin rashes associated 
with motel whirlpools in the United States (cited in Section
1.1.) and as a result they conducted a survey of contaminated 
whirlpools in Georgia. A positive isolation of Ps.aeruginosa 
was made from 71% of samples of whirlpool water and the 
median most probable number of Ps.aeruginosa was 33/100 ml.
In several samples the population of Ps.aeruginosa exceeded 
2400/100 ml. Isolations of Ps.aeruginosa were unrelated to 
coliform levels and occurred in samples from pools with 
acceptable levels of free chlorine. Jacobson et al (1976) 
concluded that some strains of Ps.aeruginosa were adapted 
for growth in water at high temperatures in the presence of 
chlorine. McCausland and Cox (1975) investigated one of the 
outbreaks of whirlpool infection and a notable finding of the 
study was the isolation of Ps.aeruginosa from six samples 
taken from the carpeting used around the perimeter of the 
pool. Isolates of Ps.aeruginosa belonging to the same 
pyocine type and serogroup were found in the carpeting, the 
pool and the skin of two of the infected children. The 
most severely affected child had been the first to enter the 
whirlpool and the rash covered the whole of the child's 
body, persisting for longer than five days despite medical 
treatment.
The significance of Ps.aeruginosa in swimming pool 
water has been considered from two aspects; its use as an 
indicator of bathing water quality and its role as a 
causative agent of swimming related disease. While the 
evidence available is not conclusive it would seem desirable 
to ensure that Ps.aeruginosa is not present in swimming pool 
water. Some of the data point to the fact that disinfection 
of pool water cannot always be relied upon to control 
populations of Ps.aeruginosa in swimming pools. The practice 
of filling pools from a potable water supply, if it - 
contained Ps.aeruginosa, would therefore seem undesirable 
and the same could possibly be said for the use of such
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1.4.4. Potable water supplies
O
The routine bacteriological analysis of potable water in the 
United Kingdom does not specifically include an examination 
for Ps.aeruginosa and isolation of the organism in the past 
has usually been dependent on the ability of the organism
to produce the characteristic blue-green pigment, pyocyanine,
. . . .  bin media designed for the isolation of coliform bactera.
Early discussions on the presence and significance of 
Ps.aeruginosa in potable water were, therefore, based on 
unreliable data - the absence of the organism from a given 
water supply being unconfirmed and positive isolations 
almost accidental.
The earliest report of an isolation of Ps.aeruginosa 
(then known as bacillus pyocyaneus) from a water supply seems 
to be the report on an outbreak of diarrhoea made by the 
New York Board of Health in 1898 and cited by Taylor (1958). 
Lartigau (1898) described the outbreak of gastroenteritis 
as involving fifteen individuals, fotcr of whom died.
Ps.aeruginosa was isolated from five water wells and the 
faeces of the individuals concerned. Thresh (1903) described 
a more extensive epidemic of diarrhoea that occurred in 
Chelmsford during late July 1903 and although facilities 
were unavailable at the time to identify the bacteria 
isolated from the polluted water supply, he considered that 
this outbreak paralleled the one in New York sufficiently 
well to conclude that the causative agent in the Chelmsford 
outbreak was in all probability Ps.aeruginosa. Over 1000 
people in the affected borough of Chelmsford experienced 
symptoms of severe diarrhoea and abdominal cramps and these 
symptoms did not accord with the known clinical picture of 
enteric fever or influenza. In both the 1898 and 1903 
outbreaks the water supply was found to have been contaminated 
with soil as a result of heavy rainfall immediately before 
the onset of symptoms. Taylor (1958) cited two further 
investigations that related symptoms of diarrhoea to- a 
positive isolation of Ps.aeruginosa from a water supply.
The water in these two cases came from a shallow well and a
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Another epidemic of diarrhoea that occurred during the 
summer of 1947 in Kansas (Hunter & Ensign, 1947), although 
not directly related to the -water supply, was nevertheless 
significant in the development of the early opinions on 
Ps.aeruginosa in water supplies. The symptoms of 
gastroenteritis were first observed amongst new born infants 
in a hospital at Great Bend, Kansas, but as a result of 
other cases amongst the hospital adult population it was 
apparent that an investigation of gastroenteritis within 
the community was required. Food, milk and water supplies 
were investigated and cases of diarrhoea in the outlying 
community could, be connected to the hospital cases, by only 
one source:.pasteurized milk from a dairy that supplied 
the hospital. Inspection of the dairy revealed that it was 
in a filthy condition, and.significantly Ps.aeruginosa was 
isolated from water dripping from a leaking water pipe, 
covered with a rag, directly above the milk cooling coils. 
Bacteriological examination of the milk showed that 23% of 
the samples from the plant were not receiving adequate 
pasteurization. Although the city water supply was found 
to be free from Ps.aeruginosa four out of 72 private well 
supplies were found to contain Ps.aeruginosa. Ps.aeruginosa 
was consistently present in the faeces of infected infants 
and it was also possible to extract pyocyanine from these 
stools. Autopsies on two of the fatal cases revealed 
Ps.aeruginosa in the liver, spleen, gall bladder and 
intestine. The conclusions of Hunter and Ensign (1947) were 
that Ps.aeruginosa was the infecting organism and that it 
gained entrance to the milk supply through water dripping 
from a leaking pipe. Inadequate pasteurization led to the 
consumption of contaminated milk that in turn resulted in 
an epidemic of gastroenteritis among the patients of the 
hospital and consumers of the milk in the community.
Early discussion on the significance of Ps.aeruginosa 
centred around its role as a causative agent of gastroenteritis, 
and the idea that isolation of Ps.aeruginosa from water may 
indicate faecal contamination of the water supply. "Schiavone 
and Passerini (1957) advocated routine tests for the presence 
of Ps.aeruginosa in drinking water supplies because of its
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gastroenteritis. Taylor (1958) considered that water under 
suspicion as a cause of diarrhoea should be examined for 
Ps.aeruginosa and that in areas where the organism could be 
frequently recovered a routine analysis for Ps.aeruginosa 
should become part of the appraisal of water supply quality. 
Simultaneously Taylor (1958) stated that the organism was 
rarely isolated from water in the United Kingdom (no data 
was available to substantiate this statement and in the 
absence of a standard method for the isolation of 
Ps.aeruginosa it must be assummed that this statement was 
not based on anything other than a lack of reported isolations) 
and therefore routine examinations for Ps.aeruginosa were 
never introduced in the United Kingdom. The only data on 
the incidence of Ps.aeruginosa in United Kingdom water 
supplies came over a decade later in a study of the growth 
of fluorescent pseudomonads made at the Metropolitan Water 
Board (Report, 1970). This survey of water leaving treatment 
plants and contained within service reservoirs failed to 
isolate Ps.aeruginosa from 200 ml sample volumes collected 
over a nine month period. In the absence of positive data 
from the United Kingdom a discussion of the current 
knowledge on the presence of Ps.aeruginosa in water supplies 
has by necessity to be. based on the published literature 
from other countries.
There have been three major studies of the presence of 
Ps.aeruginosa in drinking water supplies in Israel (Reitler 
& Seligman, 1957) in Hungary (Nemidi & Lanyi, 1971) and in 
Germany (Schubert & Blum, 1974). Reitler and Seligman 
(1957) examined 1000 samples collected from water supplies 
in Northern Israel and the results of their work can be 
expressed as follows:-
Organisms present in 100 ml water % of 1000 samples
Ps.aeruginosa 
E .coli
Neither Ps.aeruginosa or E.coli 
Ps.aeruginosa and E .coli together 
Ps.aeruginosa in the absence of E^coli 
E.coli in the absence of Ps.aeruginosa
In view of the fact that 12.0% of their samples contained
24.1 % 
45.9 %
42.1 %
12.1 % 
12.0 % 
33.8 %
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Reitler and Seligman (1957) recommended routine examination 
of the water supply for the presence of Ps.aeruginosa. They 
considered that Ps.aeruginosa was significant on two countsj 
its pathogenicity to man and its growth in the intestine 
and faeces of man.
Nemidi and Lanyi (1971) examined the incidence of 
Ps.aeruginosa in water supplies from an area around Budapest. 
Three potable water sources were included in the survey; 
chlorinated municipal water, mineral water and untreated 
well water. The incidence of Ps.aeruginosa in 100 ml sample 
volumes was as follows
Source of water Number of % containing
In addition it was determined from the samples containing 
Ps.aeruginosa that 15.9% contained Ps.aeruginosa in the 
absence of coliform bacteria and in samples where they 
occurred together the level of Ps.aeruginosa was often 
higher than the level of coliform bacteria. Nemidi and 
Lanyi (1971) concluded that Ps.aeruginosa was of special 
importance to the sanitary condition of drinking water and 
that it was desirable to consider counts of Ps.aeruginosa, 
in addition to counts of enterococci and coliform bacteria, 
as an indicator of pollution. A significant factor was 
the finding that water supply equipment was frequently 
contaminated with Ps.aeruginosa which proved difficult to 
eradicate and persisted in pipelines longer than coliform 
bacteria.
The third major study was conducted in Germany by 
Schubert and Blum (1974). From 216 samples collected from 
a number of different water supply distribution systems 
13.5% contained Ps.aeruginosa. Schubert and Blum (1974) 
concluded that the correlation of Ps.aeruginosa to E .coli 
and coliform bacteria was so weak that a separate test for 
Ps.aeruginosa in the sanitary evaluation of water supplies
samples Ps.aeruginosa
Municipal water supply 
Mineral and soda water 
Well water 
Total
353
228
109
690
3.4 % 
19.0 %
15.6 %
11.6 %
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The three aforementioned studies appear to have played 
a decisive role in the development of drinking water 
standards relating to the presence of Ps.aeruginosa. The 
Hungarian National Standard for the bacteriological 
examination of water prescribes that drinking water should 
be designated unsatisfactory if 260 ml of chlorinated 
municipal piped water, 100 ml of non-chlorinated piped water, 
driven water or municipal water or 50 ml of dug water contains 
Ps.aeruginosa (Hoadley, 1977) and the German Standard for 
drinking water now contains a standard method for the 
enumeration of Ps.aeruginosa (Muller, 1977) . South Africa 
has no statutory standards for potable water but Grabow 
(1977) concluded from an epidemiological study on the 
drinking water supply of an isolated community in South 
Africa that water which conformed to the criteria of nil 
coliform bacteria and Ps.aeruginosa per 100 ml, a standard 
plate count of less than 100 per ml and no enteric viruses 
per 10 1 would not transmit microbial diseases. Grabow 
(1977) stated that among the organisms not included in 
international standards for drinking water Ps.aeruginosa 
would be the most meritous candidate for inclusion. Other 
countries,, notably the United States of America, now include 
methods of isolation for Ps.aeruginosa in documents relating 
to the isolation of bacteria from water supplies, but its 
usage is commonly confined to bathing waters.
Sporadic reports of Ps.aeruginosa in potable water occur 
in the published literature. The Szeged municipal ; 
distribution system in Hungary was found to be contaminated 
with Ps.aeruginosa in October 1967 (Lantos et al, 1969) and 
an investigation revealed that Ps.aeruginosa was present in 
34.5% of the samples collected from five peripheral sampling 
locations in the system. One of the treatment plants was 
identified as the source of pollution and further investigation 
revealed cracks in the water basin that allowed access to 
ground water. An old disused and defective sewer located 
within five metres of the water basin was considered to be 
the source of Ps.aeruginosa. The plant was reconstructed 
and during the process 26 out of 45 samples collected from 
sites in the plant including the well water contained
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eradicate Ps.aeruginosa and the plant was returned to 
service with no further incidence of Ps.aeruginosa in the 
Szeged distribution system. Lantos et al (1969) concluded 
that the invasion of the water supply had arisen from the 
contamination of the plant water with sewage polluted 
ground water. Nemidi and Lanyi (1971) cited another 
incident in Hungary; a piped water supply to an isolated 
holiday cottage contained Ps.aeruginosa for a period of two 
years despite the application of disinfection procedures.
A survey of six dead ends and consumer complaint locations 
within the distribution system in Detroit was made in 1940 
(Shannon & Wallace, 1944). Ps.aeruginosa was amongst those 
Gram negative bacteria isolated and its presence in a new 
main before release to service was specifically mentioned.
A survey of distributed drinking water supplies in Rikswik,
The Netherlands, for citrate utilising bacteria including 
the green fluorescent pseudomonads failed to isolate 
Ps.aeruginosa (van der Kooij, 1977).
The presence of Ps.aeruginosa in tap water rather than 
distribution water has been cited in the United Kingdom by 
Newsom (1968) and Tinne (1977). In these reports Ps.aeruginosa 
was isolated from plumbing systems supplying water to an 
operating theatre and an ice-making-machine. The water 
supply to dental units and ultrasonic scalers has frequently 
been implicated as the source of high levels of microorganisms 
in the water hoses attached to high speed dental drills.
Ps.aeruginosa was mentioned by Gross et al (1976) as one of 
the significant bacterial species present in dental unit 
water supplies. A rapid increase in the manufacture and 
consumption of bottled water, coupled with a lack of 
regulations relating to bacteriological quality control, 
encouraged a survey of the bacterial quality of commercial 
and emergency bottled water in the United States of America 
(Geldreich et al, 1975) . Two bottled water samples were 
found to contain Ps.aeruginosa at levels of 13/100 ml and 
42/100 ml. Geldreich et al (1975) considered that some 
infants and older people may be at risk from exposure to 
secondary pathogens in bottled waters. The diverse nature 
of these few reports makes it difficult to identify any 
common ground between them but it does seem that when present
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Ps.aeruginosa usually occurs in the more remote parts of 
the distribution system and in water supply equipment 
installed on consumer's premises.
The theory that the presence of.Ps.aeruginosa in potable 
water is indicative of human pollution has been put forward 
consistently since the first outbreaks of diarrhoea related 
to Ps.aeruginosa were reported. This opinion seems to have 
been formed for the most part on the work of Ringen and 
Drake (1952) who in their survey of the habitat of Ps.aeruginosa 
obtained the following isolation figures:- 11% from samples 
of human faeces, 90% from samples of sewage, 3% from samples 
of soil all contained Ps.aeruginosa. It was a conclusion 
of this work that Ps.aeruginosa was a normal inhabitant of 
the human intestine. The faecal carriage rate of Ps.aeruginosa 
seems to lie between 3 - 1 2 %  for the normal healthy adult, 
Reitler and Seligman (1957) found 10%, West (1976) found 7% 
and Young and Armstrong (1972) cited the results of four 
separate studies as 3%, 4%, 6% and 12%. There is, therefore, 
evidence to suggest that the gastrointestinal tract of man 
provides a suitable habitat for Ps.aeruginosa and in 
consequence several authors have concluded that the presence 
of Ps.aeruginosa in drinking water is indicative of faecal 
pollution (Buttiaux, 1951; Schiavonne & Passerini, 1957;
Taylor, 1958). Furthermore they considered that Ps.aeruginosa 
only occurred in the presence of other enteric bacteria.
Although the predominant source of Ps.aeruginosa in 
surface waters has been shown to be sewage it cannot 
necessarily be concluded that the same will be the case for 
drinking water and the fact that two surveys found that 
considerable numbers of samples contained Ps.aeruginosa in 
the absence of traditional bacterial indicators of pollution 
tends to suggest that the significance of Ps.aeruginosa in 
potable water is related to several factors, only one of 
which may be faecal pollution. Hoadley (1977) could find 
no reason to suggest that Ps.aeruginosa would be a good 
indicator of the possible presence of other pathogens in 
water but he did consider that Ps.aeruginosa could be spread 
by water and its value as indicator of potential health 
hazards should be related to the potential hazards associated 
with its own presence. The presence of Ps.aeruginosa in
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(1977) as he felt that the human and animal population 
should not be exposed to Ps.aeruginosa and he recommended 
that steps should be taken to eliminate it from the water 
supply. Holden (1970) also mentioned the potential 
pathogenicity of Ps.aeruginosa as a possible reason for its 
inclusion in the bacteriological examination of potable 
water and he considered that greater chlorine resistance 
than coliform bacteria was a feature of Ps.aeruginosa that 
may make it a suitable indicator of the adequacy of 
chlorination for the inactivation of viruses. Bonde (1977) 
considered the sporadic occurrence of Ps.aeruginosa a 
disadvantage to its use as an indicator of faecal pollution 
but he proposed that the enumeration of the green 
fluorescent pseudomonads as a group would serve more purpose 
in the estimation of water pollution than the enumeration 
of coliform bacteria (Bonde, 1966).
The presence of Ps.aeruginosa in United Kingdom water 
supplies has not been clearly demonstrated but the not 
infrequent isolation of Ps.aeruginosa from two European 
water supplies, Hungary and Germany, indicates that it may 
well be present in the water supplies of the United Kingdom. 
Early opinion as to the significance of Ps.aeruginosa in 
potable water has been based on its association with 
outbreaks of gastroenteritis and the demonstration of its 
role as inhabitant of the gastrointestinal tract of man but 
more recent work has shown that Ps.aeruginosa is not always 
associated with traditional bacterial indicators of faecal 
pollution in drinking water.
1.5 . Summary
Ps.aeruginosa is well recognised as a pathogen of man, animals 
and plants. The nature of the resultant infections has been 
shown to vary considerably because of a dependence on the 
predisposing condition of the host. The pathogenicity of 
Ps.aeruginosa is difficult to quantify because of the 
variance in susceptibility between individuals and a small 
number of clinically based studies have failed clearly to 
relate the epidemiology of Ps.aeruginosa to its pathogenicity.
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the spread of Ps.aeruginosa has been identified both in 
the hospital environment and the general community.
Common belief that Ps.aeruginosa is present in all 
*tap waters* stems from its prevalence in the hospital 
environment but two studies of the domestic environment 
have now dispelled this belief by demonstrating the absence 
of Ps.aeruginosa from domestic kitchen taps and sinks.
Ps.aeruginosa nevertheless occurs in plumbing systems and 
water supply distribution systems and its presence has 
given rise to numerous problems of product spoilage and 
infection. The economic consequences of the presence of 
Ps.aeruginosa in potable water are not insignificant.
The presence of Ps.aeruginosa in potable water was 
originally thought to indicate faecal pollution of the supply 
but although this may well be the case in some waters, more 
recent survey data has shown a lack of correlation between 
Ps.aeruginosa and the traditional indicators of faecal 
pollution, E.coli and coliform bacteria, in potable water. 
Current opinion as to the significance of Ps.aeruginosa 
in potable water now centres on the potential pathogenicity 
of the organism itself. Ps.aeruginosa is no longer 
favoured as an indicator of the presence of other pathogens 
in potable water. Even though some countries have 
introduced quality standards relating to Ps.aeruginosa, the 
presence and significance of Ps.aeruginosa in United 
Kingdom potable waters so far remains unexplored.
This literature review indicates that Ps.aeruginosa 
is unlikely to be present in treated water at its point of 
entry into the potable water distribution system but its 
reported appearance in dead-end mains, new mains and water 
supply equipment, particularly rubber and plastic water 
hoses, makes it probable that Ps.aeruginosa, when present, 
occurs in the more remote regions of a distribution system. 
There is also evidence to suggest that soil contamination 
of water may be responsible for the introduction of 
Ps.aeruginosa to a water supply. Finally, the nutritional 
versatility of Ps.aeruginosa distinguishes it from other 
pathogenic bacteria found in water and tends to suggest 
that the behaviour of Ps.aeruginosa in water, in relation
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to its anility to survive ana multiply, aifrers from 
bacteria such as E.coli. Its ability to multiply on some 
materials under certain conditions, leads to the conclusion 
that such materials and conditions should be eliminated 
from distribution systems. Moreover, it also makes 
Ps.aeruginosa unsuitable as an indicator of faecal pollution 
as it can be abundant in the absence of pollution of faecal 
origin.
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the Metropolitan Water Division,. Thames Water Authority 
for the presence of Pseudomonas aeruginosa
The examination of water supplies for the presence of 
Ps.aeruginosa has never been used in the United Kingdom as 
a routine quality control procedure. A variety of methods 
for the isolation and enumeration of Ps.aeruginosa has been 
developed but definitive trials to determine a standard 
method have not been carried out in the United Kingdom 
(Holden, 1970). The data currently available on the 
occurrence of Ps.aeruginosa in treated waters is, therefore, 
scarce and qualitative in nature.
A study of non-lactose fermenting bacteria present in 
the distribution system, carried out by the author at the 
Thames Water Authority during the summer months of 1975, 
revealed that Ps.aeruginosa was sometimes present among the 
bacteria isolated. These findings did not concur with 
earlier work carried out on the same distribution system 
(Report, 1970) so it was felt that a more detailed . 
examination of the incidence of Ps.aeruginosa was necessary.
The survey that was undertaken subsequently and the results 
obtained are described in this Section.
2.1. A description of the water supply distribution system
The distribution system studied was that of the Metropolitan 
Water Division, Thames Water Authority. The day to day 
operations of the Authority are divided into nine geographical 
divisions, some of which are multifunctional with 
responsibilities for water supply, sewerage and sewage disposal, 
river management and planning and co-ordination. The 
Metropolitan Water Division is a single function division 
responsible for the water supply services to London and 
the surrounding districts. The area covered by the division 
is shown in Figure 2.1. and includes the areas formerly 
administered by the Metropolitan Water Board, Croydon 
Borough Council, Epsom and Ewell Borough Council and Sutton 
District Water Company.
The distribution system covers an area of 156,000 
hectares and consists of approximately 16,000 kilometers of
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FIGURE 2.1 Map of the area covered by the Metropolitan Water Division , 
Thames Water Authority.
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pipework (mains). The resident population served by the 
system was estimated to be 6,243,000 in 1975 and the volume 
of water now supplied averages 1.67 million cubic metres 
per day.
The sources of water for the system include the River 
Thames, River Lee, and the wells and springs in the Lee Valley 
and Kent. In addition small quantities of water are derived 
from wells south of the Thames and gravel beds in the Thames 
Valley. The Metropolitan Water Division has five licensed 
intakes from the River Thames and four from the River Lee. 
There are also 65 well stations with machinery in 104 wells 
and boreholes.
The method of water treatment varies according to the 
source of the water. River water for treatment is abstracted 
through screened intakes and pumped into open storage 
reservoirs. After circulation the water passes to a 
filtration plant which, in most instances, employs dual 
filtration: a series of rapid sand filters followed 
by slow sand filter beds. The filtered water is collected 
and chlorinated before being pumped into the distribution 
system. Well water for treatment is pumped to the surface 
where it is chlorinated before being pumped into supply.
The water in the distribution system is under pressure 
and fed into the system from outlet mains situated at each 
of the treatment works. These outlet mains vary in size and 
number from one 100 mm main at Shoreham Booster Station to 
eleven 1000 mm mains at Hampton works. The trunk mains 
lead away from each works and along their length branch 
mains are taken off to serve areas with populations 
exceeding 50,000. The branch mains are further subdivided 
until the water passes into 100 mm diameter pipes, the size 
of most service pipes to residential premises. The trunk 
mains sometimes extend as far as 30 kilometres and in places 
the water is conveyed through tunnels under the River 
Thames.
In addition to the mains, the distribution system 
contains 122 covered service reservoirs. These serve as 
balance tanks which accommodate fluctuations in demand and 
safeguard the continuity of the supply in the event of
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zones of uniform pressure and each zone contains at least 
one service reservoir which is filled at night and drains by 
gravity feed during the day; the contents of each reservoir 
are governed by the volume of water required by the zone 
during a twenty-four hour period.
The majority of the mains are constructed from cast-iron, 
but some are made from steel, plastic, ductile-iron or 
pre-stressed concrete. A variety of different coating 
materials are used to, protect, mains from corrosion, the..'- 
most common being those derived from coal tar.
Samples of water may be withdrawn from the distribution 
system at a variety of points. The water flowing through 
the larger mains is sampled by connecting standpipes to any 
of the hydrants positioned at.frequent intervals along 
their length. Water in the service pipes is sampled from 
the first tap-off-main situated in consumers’ premises, 
usually located in the kitchen. Service reservoir water is 
sampled by dip samples through a hatch in the roof or from 
sample taps connected to pipelines built into the body of 
the reservoir.
2.2. The design of the survey
The bacteriological quality of water in a distribution system 
is subject to both seasonal and zonal variations. It can 
also change with retention time (Hutchinson & Ridgway, 1977) . 
In order to take into account the seasonal variations it was 
necessary for the survey to be conducted over a minimum 
period of twelve months. The survey was therefore carried!: 
out from 9th February 1976 to 28th February 1977, a period 
of 56 weeks.
An earlier study of this particular distribution system 
(Report, 1970) showed that between March and June 1970 
Ps.aeruginosa could not be detected in 200 ml samples 
collected from a number of different outlet mains and service 
reservoirs. It was a conclusion of this work that 
Ps.aeruginosa was unlikely to be capable of surviving the 
treatment processes and thus unlikely to gain access to the 
distribution system at source. During the summer of 1975
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distribution system remote from the treatment works. This 
survey was therefore designed to focus on the remote parts 
of the distribution system, particularly those areas which 
had been exposed to human activity, soil contamination, or 
where a noticeable deterioration in some aspect of water 
quality had been reported.
2.2.1. The selection of the sample sites
Three types of sample site fitted the above mentioned 
requirements; repaired mains, new mains and supplies to 
consumers’ premises where a deterioration in water quality 
had been observed. A number of different sample points were 
employed to collect samples from each site, the most common 
being hydrants, taps-off-mains and taps-off-tanks. A 
considerable number of samples from these sources were 
being collected daily from the distribution system for 
routine bacteriological and chemical analysis at the time 
when the survey was being planned. The use of these samples 
in the survey was considered advantageous primarily because 
it would eliminate the requirement for a separate expensive 
sampling programme, and secondly because other bacteriological 
data would be available for each sample included in the 
survey. The fact that these samples were not a random 
selection was not considered to be a disadvantage because 
the choice of samples was not determined by factors 
relating to the survey. Furthermore, the collection of the 
samples by the Water Quality Inspectors of the Authority 
made it feasible for the survey to cover a much greater area 
of the distribution system than otherwise would have been 
possible.
The Authority's requirements for sampling a given 
sample site are defined in Table 2.1. In most instances 
only one sample was collected from, each sample site. 
Occasionally the bacteriological quality of the first sample 
proved to be unsatisfactory and as a consequence of this 
result further treatment was applied to the sample site. A 
second series of samples was subsequently collected from 
these sample sites. The bacteriological criteria governing
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type of sairvple site
Type of sample site 
Repaired main
New main
Complaint supplies
Presample treatment
After the repair work has been completed 
the main is chlorinated, flushed with 
fresh water and returned to service.
The sample is collected from a hydrant 
or tap-off-main adjacent to the repair 
site after the main has been returned 
to service with the exception of mains 
>250 mm.
After the construction of the main it is 
gas chlorinated (sometimes foam swabbed) 
flushed with fresh water and closed off. 
The sample is collected from the static 
water through a hydrant situated along 
the length of the main.
The samples are collected from the tap- 
off-main in the premises and all other 
relevant supply points as soon as 
possible after the deterioration in 
water quality is reported.
Table 2.2. The bacteriological criteria governing the 
resampling of sample sites
Bacteriological result Sample site
Coliforms E.coli 
(per 100 ml)
<10 <2
Treatment
10 - 50 
£ 50
£ 50 
2 2
< 25 
£ 25
<2
£3
£3 
£ 1
0
* 1
Repaired &
New mains 
Repaired mains 
Repaired mains
New mains 
Complaints
New main after 
one flush 
New main after 
one flush
None
Flush, resample. 
Disconnect, gas, 
chlo r inate, flush 
and resample. 
Flush, resample. 
Flush tap-off-main 
and resample.
None
Flush, resample.
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in Table 2.2. Other quality criteria may also influence the 
treatment applied.
These repeat samples were included within the survey 
because the presence of Ps.aeruginosa in the first sample 
was not a controlling factor in the decision to re-sample. 
However, in instances where Ps.aeruginosa was isolated from 
a sample that was otherwise satisfactory any subsequent 
samples from that sample site were-excluded from the survey to 
ensure that the incidence of Ps.aeruginosa in the survey was 
not artificially increased.
2.2.2. The selection of the parameters studied in the survey
The sample sites and sample points were predetermined as 
described in the previous Section.
The previous survey in 1970 concluded that Ps.aeruginosa 
Vas not entering the system with the source water, but as the 
distribution system was fed with water from, several origins - 
each of which provided water with different chemical and 
biological properties - it was considered that the source of 
supply might have exerted some influence on the presence of 
Ps.aeruginosa. The source of water was, therefore, included 
as a parameter in this survey and fell into three categories; 
river water, well water and areas receiving a mixture of 
river and well water.
The distribution system is divided into zones and the 
retention of water in each zone differs. The service 
reservoirs in these zones have at times been shown to be 
susceptible to the ingress of soil and surface run-off water 
and hence to contamination (Hutchinson & Ridgway, 1977) .
It was therefore considered that the supply zones should be 
included as a parameter. The source of supply of the water 
and zone data for each sample site was obtained at the end 
of the survey from the District Offices controlling the 
distribution system. This was achieved by correlating the 
postal addresses of each site to the local district supply 
maps.
The ability of bacteria to multiply within a distribution
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seasonal changes in water temperature were thought to exert 
an influence on the bacterial population of distribution 
systems by O'Neil (1978). The water temperature of each 
sample was, therefore, included as a parameter in the survey.
Ps.aeruginosa has been considered by a number of 
workers (Schiavonne & Passeroni, 1957; Taylor, 1958; Bonde, 
1963; Hoadley, 1968) to occur in water in association with 
traditional bacterial indicators of faecal pollution. The 
indicator bacteria most commonly used in the United Kingdom 
are members of the coliform group that are capable of 
producing acid and gas from lactose at 37°C within 48 hours. 
In particular E.coli, which is distinguished from the other 
members of the group by virtue of its ability to produce 
acid and gas from lactose at 44°C, is regarded as the 
traditional indicator organism of faecal pollution of water. 
In addition, therefore, to the bacteriological examination 
for Ps.aeruginosa samples were also examined for total 
coliform count and for the presence of E.coli. A total 
colony count at 37°C was also included as a parameter in the 
survey to provide an overall measure of the ingress or 
growth of bacteria in the system.
2.3. Methods
2.3.1. Sample collection procedure
The samples were collected aseptically by the Water Quality 
Inspectors of the Authority using the standard method 
recommended by the Department of Health and Social Security 
(Report 71, 1969). Each sample bottle has a capacity of 210 
ml and because 351 ml were required for complete analysis of 
each sample two bottles of water were collected from each 
sample site. The bottles contained a small quantity of 
of sodium thiosulphate to neutralise any chlorine present in 
the water at the time of sampling. The bottles were 
transported to the laboratory within four hours of collection 
and the bacteriological examinations were conducted-as soon 
as possible after the samples arrived at the laboratory. 
Samples that were collected at the weekends or after 17.00
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hours in the week were refrigerated at 4°C until it was
possible for the examination to be carried out.
2.3.2. The bacteriological enumeration procedures
2.3.2.1. The enumeration, of coliform bacteria and 
Escherichia coli
The method of enumeration adopted for the survey was membrane
filtration using 0.4% enriched Teepol broth as recommended
in Report 71,(1969). This method was in routine use at the
laboratories at the time of the survey and it was considered
that its adoption would produce consistent results.
Enumeration procedure A volume of water (50 ml for coliform
*
bacteria, 100 ml for E.coli) was filtered aseptically 
through an Oxoid cellulose acetate membrane which was then 
placed face upwards onto a sterile Whatman No. 17 filter pad 
which had been previously saturated with 2.5 ml of 0.4% 
enriched Teepol broth. The dish containing the pad and 
membrane was then inverted and placed inside a container 
with a tightly fitting lid. The containers were incubated 
for 4 hours at 30°C followed by 14 hours at 35°C for coliform 
bacteria or 14 hours at 44°C for E.coli. The incubators 
used were of the anhydric variety fitted with a fan and 
operated by .a timed thermostat. After incubation the 
membranes were examined for lactose fermenting colonies, 
which were yellow in colour as a result of the incorporation 
of the indicator phenol red into the medium. The presumptive 
counts of coliform bacteria or. E.coli were expressed and 
recorded as the number of colonies per 100 ml.
In view of the large number of samples included in the 
study confirmatory procedures were only applied for E.coli.
The analysis of the survey data presented in the results 
section is therefore based on presumptive coliform counts 
and confirmed counts of E.coli.
Confirmation method The presumptive colonies of E.coli 
(or a proportion of the colonies when there were more than 5) 
that grew on the membranes incubated at 44°C were each 
subcultured into a tube of tryptone water and a tube of 
lactose peptone water (Report 71, 1969). The tubes were 
incubated in a constant temperature block at 44°C for 24 hours.
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The production of acid and gas from lactose coupled with the 
production of indole in peptone water, detected by the 
addition of Kovac's reagent, were taken to be confirmatory 
for the presence of E.coli. The presumptive E.coli count 
was adjusted on the basis of these tests to provide a 
confirmed E.coli count.
The classification of coliform bacteria used in this 
work was that currently adopted by water bacteriologists 
(Holden, 1970) and includes bacteria of the family 
Enterobacteriaceae which produce acid and gas from 1% lactose 
peptone water within 48 hours at 37°C. Anaerogenic strains 
are also included when they are otherwise indistinguishable 
from gas producing strains. While the collective name 
'coliform bacteria' has no precise definition universally 
recognised by all bacteriologists, four biochemically defined 
groups recognised by the International Committee on Bacterial 
Nomenclature in the family Enterobacteriaceae are considered 
to constitute the coliform bacteria - Escherichia group, 
Citrobacter group, Klebsiella group and Enterobacter group.
2.3.2.2. The enumeration of bacteria capable of growth at 37°C
Colony counts at 22°C and 37°C are widely used within the 
Water Industry to assess the overall bacterial load of a 
water. The 22°C count is thought to consist predominantly 
of bacteria capable of growth in water while the 37°C count 
is believed to comprise predominantly of bacteria that have 
gained access to water from some external source or survived 
chlorination (Report 71, 1969). The 37°C count was used in 
this survey.
Enumeration -procedure One ml of water from each sample was 
aseptically pipetted into a sterile petri-dish. Fifteen: ml 
of molten yeast extract agar (Report 71, 1969) at 45°C was 
then poured into the petri dish and mixed with the sample.
When set, the samples were incubated in the inverted position 
at 37°C for 24 hours. After incubation the number of colonies 
growing in the agar were counted with the aid of an 
illuminated counting box and the count was expressed' as the 
number of colonies per ml. If the count exceeded 50 per ml 
a further plate was prepared from the original sample,
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which had. meanwhile been stored at 4~c. This procedure was 
used to ensure that the higher counts had not arisen as a 
consequence of laboratory contamination. The plates were 
not prepared in duplicate so it was necessary to estimate 
where the counts exceeded 300 colonies per plate. While this 
increased the counting error, the number of plates with a 
count exceeding 50 per ml was expected to be small.
2.3.2.3. The enumeration of Pseudomonas aeruginosa
A variety of selective media for the isolation and enumeration 
of Ps.aeruginosa from water, for use with both membrane 
filtration and most probable number techniques, have been 
developed and evaluated. Most probable number and membrane 
techniques were.included in the 13th edition of Standard 
Methods for the Examination of Waste and Wastewater 
(American Public Health Association, 1971) but at the time 
of this study a standard method had not been recommended for 
United Kingdom water supplies.
The criteria that were considered to be important in the 
choice of an appropriate method for this study were firstly 
that the method should be suitable for the examination of a 
large number of samples. The time involved in carrying out 
the procedure as well as the cost had to be kept to a minimum. 
Secondly, the medium.had to be one that could distinguish 
between Ps.aeruginosa and other Gram negative bacteria, 
particularly coliform bacteria that might be present.
Finally, the incubation procedure, coupled with the medium 
and the technique, had to be one that would encourage the 
growth of stressed or damaged cells without significantly 
reducing the selectivity of the method.
One of the most useful diagnostic features of 
Ps.aeruginosa is pigmentation, primarily the production of 
pyocyanine, but also the production of fluorescein. The 
use of a medium that enhanced pigmentation, therefore, had 
the advantage of distinguishing Ps♦aeruginosa from other Gram 
negative bacteria. Drake (1966) developed a number of 
different media for isolating Ps.aeruginosa,to be used with 
either membrane filtration or most probable number 
techniques,based on the work of King et al (1954), who
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potassium phosphate and magnesium chloride was critical for 
the development of the two pigments. The ability of 
Ps.aeruginosa to utilise a wide variety of organic compounds 
as energy sources was also found,to be useful by these 
workers when developing a selective medium. Drake (1966) 
found that the replacement of the ingredient glycerol 
in the medium of King et al (1954) with ethanol significantly 
reduced the growth of other Gram negative bacteria, as did 
the inclusion of the inhibitory agent, hexadecyltrimethyl 
ammonium bromide, commercially known as 'cetrimide*.
Membrane filtration seemed to be the most suitable 
technique for this study because it was quicker to perform, 
employed smaller volumes of- medium- and could be. conveniently 
carried out alongside the test for coliform bacteria. One 
disadvantage of membrane filtration as a technique is that 
samples containing high levels of particulate matter can 
cause the membrane to become clogged, but this was not 
thought to present a problem in this study as the samples 
were all to be collected from treated waters with relatively 
low levels of suspended matter. High levels of background 
growth can also make enumeration from membranes difficult but 
it was hoped that the use of a selective medium would minimise 
this problem.
It was decided, therefore, that the membrane filtration 
technique was suitable for the study. The medium No. 19 
designed for use with membranes by Drake (1966) seemed an 
appropriate choice. This combination had previously been 
employed at the Metropolitan Water Board in the earlier study 
of the distribution system but as Ps.aeruginosa was only 
isolated once it was difficult to assess the performance of 
the method. A number of workers have, however, assessed 
membrane filtration techiniques for the isolation of 
Ps.aeruginosa from water (Levin & Cabelli, 1972; Brodsky & 
Nixon, 1974; Carson et al, 1975; Dutka & Kwan, 1977). 
Although these workers were comparing different media, all 
found membrane filtration to be suitable for the examination 
of waters with low levels of particulate matter. Their 
conclusions as to the most suitable medium and incubation 
conditions differed. They all found that incubation at the
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elevated temperature of 41.5 C aided the inhibition of 
background growth without reducing the count of Ps.aeruginosa 
but Fuller and Nelson (1977) found that growth of temperature 
stressed cells of Ps.aeruginosa was often inhibited by 
incubation at 41.5°C and they suggested that counts of 
temperature stressed cells were substantially reduced by 
the use of selective procedures. The use of a high incubation 
temperature coupled with a selective medium was, therefore, 
considered too inhibitory for this study. Drake (1966) 
showed that incubation for 48 hours gave a higher count than 
24 hours and Dutka and Kwan (1977) considered that four days 
provided the optimum recovery rate. Incubation at 37°C for 
a period of 48 hours was, therefore, decided upon as most 
suitable for this study. The recovery rates of five strains 
of Ps.aeruginosa, not previously exposed to medium No. 19 
and held at 4°C for four weeks prior to the test, were 
compared on nutrient agar,medium 19 agar and medium 19 broth 
at 37°C after 48 hours. The results given in Section 2.4.2. 
show that the medium 19 in broth form compared favourably 
with nutrient agar, an unselective medium.
Medium 19 (Drake, 1966)
Bacto-peptone
Ethanol
Potassium sulphate (anhydrous) 
Magnesium chloride (anhydrous)
Hexa decyltrimethyl ammonium bromide 
Distilled water
20.0 grams
20.0 " (25 ml)
10.0 "
1.4
0.4
1000.0 ml
The constituents were weighed into a suitable glass vessel 
and steamed for 30 minutes. After distribution into screw- 
capped bottles (175 ml), the medium was autoclaved at one 
atmosphere for 15 minutes (121°C). The bottles were removed 
from the autoclave at the earliest opportunity to prevent 
loss of ethanol from the medium and stored at room temperature.
Enumeration procedure A volume of water (200 ml) was 
filtered through an Oxoid cellulose acetate membrane of pore 
size 0.4^*m. The membrane was then placed face upwards 
onto a Whatman No. 17 filter pad which had previously been 
saturated with 2.5 ml of medium 19. The dishes containing 
the pads and membranes were incubated in the inverted 
position within air tight containers for 48 hours at 37°C.
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with an appropriate air lock and thermostat.' After 
incubation the lids of the dishes were opened for a few 
seconds and then replaced. The colonies were examined on 
the membranes within a few minutes of this procedure, which 
was found to allow the pyocyanine to develop a more intense 
colour. Those colonies which exhibited a blue-green, green, 
or brownish pigmentation were counted as presumptive colonies 
of Ps.aeruginosa. ' The membranes were then exposed to 
ultraviolet light of wavelength 350 nm in a darkened room 
and examined for colonies exhibiting fluorescence.
Fluorescent colonies were counted as presumptive colonies of 
Ps.aeruginosa. The latter procedure was only used when the 
number of colonies on the membrane was high and individual 
colonies were difficult to distinguish. The presumptive 
count of Ps.aeruginosa was expressed as the number of colonies 
exhibiting pigmentation per 100 ml.
It was considered important that the presumptive 
colonies of Ps.aeruginosa were confirmed because the medium 
had not previously been widely used. The confirmatory 
procedure employed was based on the milk medium of Brown and 
Scott Foster (1970). This medium was chosen because it 
allowed for the assessment of four diagnostic characteristics 
on one medium; the production of pyocyanine and fluorescein, 
casein hydrolysis and growth at 41.5°C.
Confirmatory procedure Presumptive colonies of Ps.aeruginosa 
were subcultured from the membranes onto plates of milk agar. 
The plates were then incubated at 41.5°C for 24 hours. The 
following range of results were taken as confirmatory for 
Ps.aeruginosa on this medium.
Character Ps.aeruginosa. Other bacteria
Typical Atypical
Growth at 41.5°C + + + + +
Casein hydrolysis + + + +
Pyocyanine + - + -
Fluorescein + +
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z .J .3. The measurement of water temperature
The temperature of the water was measured at each sample site 
immediately prior to collection of the sample. A mercury 
thermometer was held under the running water for a period 
of one minute before the temperature was recorded to the 
nearest degree Centigrade.
2.4. Results and Discussion
2.4.1. The compilation of the data from the survey
The sample identification number, date, sample site, sample 
point and water temperature were recorded daily onto record 
sheets when the samples arrived at the laboratory. These 
sheets were then retained in the laboratory and the 
bacteriological results added to them as they became 
available. Completed sheets were filed and the data 
transcribed from these files in coded form onto computer 
punch sheets for analysis. Occasionally, as a result of 
operational difficulties, the data for a sample was 
incomplete; this was catered for in the analyses and 
adjusted frequencies generated where necessary.
2.4.2. The choice of isolation medium for Pseudomonas 
aeruginosa
The recovery rates of five strains of Ps.aeruginosa on 
five media including medium 19 (Drake, 1966) employed in 
the survey are shown in Table 2.3. Medium 19 gave a 
slightly higher recovery rate than nutrient agar for three 
of the five strains tested. It seemed, therefore, that 
medium 19 although selective did not inhibit the growth of 
Ps.aeruginosa.
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Table 2.3. The recovery of five strains of Pseudomonas aeruginosa.on five
different isolation media using the Miles and Misra technique (1938)
Medium Mean counts of each strain of Pseudomonas aeruginosa
Strain 1 Strain 2 Strain 3 Strain 4 Strain 5
Nutrient agar 9.0 x 10^ 1.5 x 10^ 4.0 x 10^ 1.3 x 10  ^ 2.6 x 10^
King's A agar 9.0 x 10~* 2.0 x 10  ^1.1 x 10^  - 2.0 x 10^
King's A broth 1.2 x 106 2.2 x 106 3.3 x !05 1.8 x 105 1.8 x 105
with cetrimide
King's A agar 6.0 x 105 2.3 x 106 3.1 x TO5 - 2.0 x 105
with cetrimide
Teepol broth 6.0 x 105 1.1 x lO6 5.0 x 104 9.0 x 105 1.4 x 106
Key. * The mean counts were the mean of six replicates
- No counts made
2.4.3. A description of the samples included in the survey
A total of 4504 samples were collected from the distribution 
system between 9th February 1976 and 28th February 1977.
The number of samples collected each week ranged from 
36 to 214, 0.8% to 4.8% of the total number. The mean 
number of samples collected per week was 82: (1.8%). The 
mean number of samples collected per week and the mean water 
temperature per week are given in Figure 2.2. The frequency 
of sample collection was particularly high in weeks 1, 22,
44 and 45. This rise in the number of samples collected 
coincided with the maximum and minimum mean water temperatures. 
Table 2.4. shows the relative frequency of collection of 
samples from each sample site. It can be seen from this 
table that during the weeks 1, 44 and 45 the number of 
repaired mains sampled was high, 6.4%, 4.9% and 4.3% 
respectively. This increase in the number of repaired mains 
sampled occurred as a result of the increased incidence of 
burst water mains which always accompany periods of extreme 
cold weather.
The majority of the samples were collected from 
repaired mains, 60.8%, whilst almost equal numbers of samples 
were collected from new mains, 18.2%, and complaints, 21.1%, 
(Table 2.5.). In contrast, the samples were evenly 
distributed between the two major sample points, 'taps--off- 
mains, 50.7%, and hydrants, 46.9%, (Table 2.6.). The 
relationship between sample points and sample sites is
- 50 -
Fig
ur
e 
2.2
 
Th
e 
me
an
 
wa
te
r 
te
m
pe
ra
tu
re
 
pe
r 
we
ek
 
co
m
pa
re
d 
to 
the
 
re
lat
ive
 
fre
qu
en
cy
 
of 
sa
mp
le 
co
lle
ct
io
n
CL
- 51 -
We
ek
s
Table 2.4. Relative frequency of collection of samples per week
Weeks Sample site (frequency %)
New main Repaired main Complaint
1 February 1976 1.1 6.4 3.1
2 0.9 3.1 1.6
3 1.5 1.4 2.7
4 1.8 1.2 2.0
5 March 0.6 1.5 1.4
6 1.3 1.1 0.9
7 1.1 0.8 1.3
8 1.2 1.7 2.0
9 April 3.2 1.0 2.8
10 0.9 1.1 1.3
11 1.5 0.7 1.7
12 2.4 1.3 1.8
13 May 2.8 1.1 1.8
14 2.6 1.0 2.6
15 2.1 1.0 1.9
16 2.0 1.2 1.9
17 0.9 0.7 2.1
18 June 1.3 0.9 2.7
19 2.6 1.1 2.3
20 1.8 1.5 1.2
21 July 2.7 2.3 1.7
22 2.9 3.4 2.3
23 2.8 2.4 2.3
24 4.3 1.1 3.2
25 August 3.4 1.6 2.6
26 3.4 1.9 2.4
27 2.8 1.6 1.8
28 2.7 1.7 2.3
29 1.3 2.0 3.5
30 September 1.5 1.9 1.3
31 2.6 1.6 1.3
32 2.4 2.8 1.6
33 2.7 2.0 1.7
34 2.3 0.9 2.5
35 October 2.7 1.4 2.5
36 3.2 1.1 2.8
37 3.7 1.4 2.2
38 2.3 1.4 1.5
39 November 2.9 1.4 1.4
40 1.2 2.0 0.9
41 1.6 1.9 1.6
42 1.3 1.8 1.5
43 December 0.9 1.5 1.5
44 1.1 4.9 1.2
45 0.9 4.3 0.3
46 0.4 2.0 0.5
47 January 1977 0.1 2.3 0.4
48 0.2 3.8. 0.6
49 0.5 2.5 0.9
50 0.5 3.2 1.7
51 0.9 2.3 0.7
52 February 1.0 1.2 1.6
53 0.7 1.1 2.3
54 1.3 1.3 3.2
55 1.1 0.4 1.6
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Sample site Absolute frequency Adiusted frequency
Repaired main 2736 60.8 %
New main 817 18.1 %
Complaint 948 21.1 %
Not known 3
Total 430'4 100'. 0 '%
Table 2.6. The frequency distribution of sample points
Sample point Absolute frequency Adiusted frequency
Hydrant 2111 46.9 %
Tap-off-main 2283 50.7 %
Tap-off-tank • 74 1.7 %
Other points 33 0.7 %
Not known 3
Total 4504 100.0 %
illustrated in Table 2.7. New mains were sampled almost 
always from hydrants? this occurred because new mains 
are sampled before they are commissioned for service and 
therefore there is no water being supplied from the main 
at the time of sampling. A large proportion of the complaints 
were sampled.from a tap-off-main since this was the point 
of supply from which the consumer usually observed the 
deterioration in water quality. Taps-off-tanks and other 
points were only collected from consumers’ premises in 
association with complaints of poor water quality.
Table 2.7. The association between sample sites and sample points
Sample site Sample points
Hydrant Tap-o f f ■-main Tap-off-tank Others Total
New main . 815 2 0 0 817
Repaired main 1125 1608 0 3 2736
Complaint 171 673 74 30 948
Total 7TTT 77E7 7% JJ 55UT
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distribution system
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" Ideally all samples taken from a distribution system, 
including consumers' premises, should be free from coliform 
organisms. " (Report 71, 1969). It is widely recognised that 
for a variety of reasons this standard cannot always be 
achieved. Therefore the Quality Standards applied to a
distribution system allow for the presence of small numbers 
of coliform bacteria. The standards applied by the Thames 
Water Authority are based on Report 71 (1969) and are as 
follows
1. No sample should contain more than 10 coliform 
organisms per 100 ml.
2. No sample should contain more than 2 E.coli 
per 100 ml.
3. No sample should contain 1 or 2 E .coli per 100 
ml in conjunction with a total coliform count 
of 3 or more per 100 ml.
4. Coliform organisms should not be detectable in 
100 ml of any two consecutive samples.
5. Throughout any year 95% of samples should not 
contain any coliform organisms or E.coli per 
100 ml.
Bacterial plate counts are not normally the subject of 
water quality standards but from experience it has been 
observed that the bacterial colony count at 37°C is normally 
less than 50 per ml in the Metropolitan Water Division’s 
distribution system. There are at present no standards 
relating to the presence of Ps.aeruginosa in water supplies, 
so a category of ’absent from 100 ml samples’ was instituted 
for the purposes of this study. In order to facilitate the 
comparative study between levels of Ps.aeruginosa and E .coli, 
the level of 1 or 2 E.coli per 100 ml* was replaced with 
'absent from 100 ml'.
The relevant limit for each organism was applied to the 
survey data, and the results are given in Table 2.8. 8.1%
of samples did not attain the coliform standard and 3.9% 
the E.coli standard. In comparison, 7.1% of the samples 
contained Ps.aeruginosa. It was clear from these results 
that Ps.aeruginosa was present within the distribution 
system studied. The number of samples that contained 
Ps.aeruginosa was close to the number of samples that 
contained an unsatisfactory level of coliform bacteria and
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Table 2.8. The application of bacteriological standards to the survey data
Bacterioloqical 
Standard .
To tal.. numbe r 
of samples
Samples not attaining the. standards 
Absolute frequency Adiusted frequency
Coliform bacteria 
less than 10 
per 100 ml
4487 363 8.1 %
Esherichia coli 
absent from 
100 ml
4488 175 3.9 %
Bacterial colony 
count less than 
50 per ml
4361 783 18.0 %
Pseudomonas 
aeruainosa absent 
from 100 ml
4502 321 7.1 %
exceeded the number of samples containing E .coli .
The isolation rate of Ps ..aeruginosa was found to be 
3.4% in the municipal water supply of Budapest (Nemidi &
Lanyi, 1971) and 24.1% in the drinking water supply of 
Israel (Reitler & Seligmann, 1957). In view of the widely 
differing techniques of isolation and enumeration that were 
used in these surveys their data cannot justifiably be 
compared, not can they be compared directly to the results 
of this survey because the samples from this survey were 
hot random but from selected sites where Ps.aeruginosa was 
likely to be more frequently isolated. The isolation rate 
of 7.1% obtained from London’s water supply lies closer to 
the figure obtained from the temperate climate of Hungary, 
than to the figure obtained from the warmer climate of Israel.
The yearly assessment of the bacteriological quality 
of the distribution system is based on the absence of 
coliforms from 95% of the samples collected. The published 
assessment of the distribution system for the period of the 
survey was 98% (Report, 1976/77). This figure was derived 
from samples collected from service reservoirs, mains and 
complaints. The figure calculated from the survey data was 
84% (Table 2.9.), considerably less than the required 
standard of 95%. It was an aim of the survey to sample 
points of poor bacteriological quality in the distribution 
system and the above result comfirms that this aim was
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Table 2>9. The frequency of samnles. containing no coliform
bacteria per 100 ml from each sample site and point
Sample site/point Total number -Relative frequency of samples
of samples containing no coliforms or
Escherichia coli per 100 ml
New main 
Repaired main 
Complaint
817
2736
948
55 % 
90 % 
90 %
Tap-o f f-main 
Tap-off-tank 
Other samples
Hydrant 2111
2283
74
33
76 % 
91 % 
69 % 
100 %
Total
achieved.
The sample sites that exhibited the poorest 
bacteriological quality were the new mains'(55%). Water 
sampled from these mains is static and the process of 
construction provides ample opportunity for inoculation 
with microorganisms from both soil and humans. These factors 
probably played a significant role in the production of poor 
quality water. Nevertheless the treatment procedure (gas 
chlorination and flushing) should have overcome these 
operational problems. A similar poor result was obtained 
from hydrants (75%). This is probably a .further reflection 
of the poor quality of new mains, since 38% of hydrant samples 
(Table 2.7.) were collected from new mains. Tap-off-tank 
samples also exhibited a poor bacteriological quality (69%), 
however, this did not truely reflect the quality of tank 
water since these samples were all collected from premises 
with a noticeable deterioration in water quality. Water 
from the taps-off-mains, which are the points of supply 
closest to the consumer, were also slightly below the 
required standard (91%).
2.4.5. The association between Pseudomonas aeruginosa and 
the traditional bacterial indicators of faecal 
pollution in the distribution system
The presence of Ps.aeruginosa in raw and treated waters has 
been considered by several workers to be indicative of 
faecal pollution and associated with the presence of other
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Table 2.10 The results of the Student^t^tesb .applied to the survey data
for the purpose of determining whether a relationship exists 
between Pseudomonas aeruginosa and the indicator bacteria
Population Coliform bacteria 
Mean count per 100 
ml
Escherichia coli Bacterial colony 
Mean count per 100 count (mean) at 37 C
ml per ml
Pseudomonas 
aeruginosa 
absent from 
100 ml
43.7159 7.0379 2668.0133
Pseudomonas 
aeruginosa 
present in 
100 ml
51.3962 12.0943 974.2963
Two-tail
probability 0.931 0.692 0.852
faecal bacteria, however, Nemidi and Lanyi (1971) found 
that 120 of their samples from the water supply in Budapest 
contained Ps.aeruginosa in the absence of E.coli. The 
presence of Ps■aeruginosa in some parts of London's water 
supply having been confirmed, it was considered to be of 
prime importance to establish whether a relationship existed 
between Ps.aeruginosa and the indicator bacteria, in 
particular E.coli.
The survey data was, therefore, divided into two 
populations (Table 2.10.). Population 1 consisted of the 
samples from which Ps.aeruginosa could not be detected, and 
Popuiation 2 the samples which contained Ps.aeruginosa.
The mean count of each bacterial indicator was calculated 
for each population and the difference between these means 
was compared using the student-t-test. The results are 
given in Table 2.10. It can be seen that no significant 
difference exists between the means of each population for 
any of the bacterial indicators. The opinion that the 
presence of Ps.aeruginosa in the distribution system is 
associated with the presence of coliform bacteria, E.coli 
or a high bacterial colony count was not, therefore, supported.
The association between Ps.aeruginosa and the bacterial 
indicators in the samples collected from the distribution 
system is illustrated in Tables 2.11., 2.12. and 2.13. The 
percentage of samples containing Ps.aeruginosa in the absence
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Table 2.11 The association ..between-Pseudomonas aeruginosa and Escherichia
coli in the survey samples
Pseudomonas aeruainosa Escherichia coli Number of Percentaae of
present in 100 ml present in 100 ml samples samples
+ + 53 1.2 %
+ - 265 5.9 %
- + 122 2.7 %
- - 4043 90.2 %
Total number of samples 4483 100.0 %
Table 2.12 The association between Pseudomonas aeruainosa and coliform
bacteria in the survey samples
Pseudomonas aeruainosa Coliform bacteria Number of Percentaae of
present in 100 ml exceedina 10 per samples samples
100 ml
+ j. 94 2.0 %
+ - 224 5.0 %
- + 269 6.0 %
- - 3895 87.0 %
Total number of samples 4482 100.0 %
Table 2.13 The association between Pseudomonas aeruginosa and a hiah 
bacterial colony count in the survey samples
Pseudomonas aeruainosa Colonv count Number of Percentaae of
present in 100 ml exceedina 50 samples samples
per ml
+ + 159 3.7 %
+ - 139 3.2 %
- + 622 14.3 %
- - 3436 78.8 %
Total number of samples 4356 100 0 %
Key + presence of the bacterium at the level specified 
- absence of the bacterium at the level specified
E .coli was 5.9%, considerably higher than the percentage, 
of samples containing both these bacteria together 1.2%, and 
8.6% of the samples contained one of these two bacteria in 
the absence of the other. The percentage of samples containing 
either coliform bacteria (10 or more per 100 ml) or 
Ps.aeruginosa, but not the two together, was 11% as compared 
to 2% of samples containing both these bacteria. .Similarly, 
the percentage of samples containing either a bacterial 
colony count greater than 50 per ml or Ps.aeruginosa but not 
the two together was 17.5% whereas only 3.7% contained both
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Table 2.14 The results of the application of the student-t-test to the
samples from each location for the purpose of determining 
whether a relationship existed between the presence of 
Pseudomonas aeruainosa and the indicator bacteria
Sample location
*  *  *  *
Pseudomonas Coliforms Escherichia Bacterial Colony
aeruainosa 
per 100 ml
per 100 ml coli per 
100 ml
count at 37 C 
per ml
Repaired main absent 7.1946 1.1436 3960.6968
present 35.1667 1.8056 246.9130
Two-tailed probability 0.038 >1 0.856 0.876
New main absent
V
216.4785 13.9353 397.9429
present 43.4474 5.7105 497.5000
Two-tailed probability 0.639 0.482 0.553
Complaint absent 25.5379 19.5532 488.1576
present 8.0833 0.1667 1478.1250
Two-tailed probability 0.801 0.777 0.110
Tap-off-main absent 6.5601 1.4489 93.1464
present 8.3770 1.7049 493.0339
Two-tailed probability 0.880 0.954 0.001 3
Hydrants absent 79.4169 5.0450 5723.4815
present 44.6182 4.1515 590.5592
Two-tailed probability 0.848 0.877 0.788
Key * Mean counts
Significant probability
a high bacterial colony count and Ps.aeruginosa.
These results further emphasised the fact that 
Ps.aeruginosa was not associated with E .coli, a high 
bacterial colony count or coliform count. The lack of a 
demonstrable, relationship between Ps.aeruginosa and the 
bacterial indicators of faecal pollution did not, however, 
exclude the existence of such a relationship at specific 
sample points or sites. The data was, therefore, grouped 
according to sample location and the student-t-test repeated. 
The results are described in Table 2.14. A significant 
difference at the 95% confidence level was not demonstrated 
between the mean counts of E.coli and the presence or 
absence of Ps.aeruginosa at any of the sample locations.
The mean coliform counts for each population did, however, 
exhibit a significant difference at the 95% confidence level 
for one location - repaired mains. The remaining locations 
showed no significant difference. Thus Ps.aeruginosa, when 
present in the distribution system, was not associated with 
E .coli. There was also little evidence to suggest a 
relationship with coliform bacteria.
- 59 -
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a highly significant difference at the 99.9% confidence 
level. Coliform bacteria and bacteria capable of growth at 
37°C are heterogenous groups of bacteria, therefore, the 
counts of these organisms are difficult to interpret. These 
significant findings may be a reflection of the growth of 
one particular component of these groups.
2.4.6. The effect of water temperature on the bacteriological 
guality of water in the distribution system
The variation in water temperature throughout the period of 
the survey is illustrated in Figure 2.2. The mean water 
temperature per week ranged from 5°C to 21.5°C and followed 
a typical seasonal pattern.
Exceptionally high water temperatures occurred during 
the months of July, August and September at a time when the 
country as a whole was experiencing drought conditions and 
very high air temperatures. The highest weekly mean air 
temperatures recorded by the Kew Observatory (Meteorological 
Observations, 1976/1977) were 31,6°C and: 29 .6°C - in weeks 22 
and 23 r which coincided with highest weekly mean water 
temperature of 21.5°C. The mean water temperatures per week 
were also calculated for each sample point (Figure 2.3.). . 
Similar seasonal patterns to that observed in Figure 2.2. 
were obtained for each sample point. The tap-off-main samples 
generally exhibited a higher water temperature than the 
hydrant samples. These taps are normally located within 
buildings and the supply pipes which lead to them are often 
subject to frequent periods of little or no flow. Such 
conditions afford a degree of protection to the water that 
results in local warming.
In order to study the influence that water temperature 
may have exerted on the bacteriological quality of the 
distribution water, the frequency with which samples failed 
to achieve the standards described previously in Table 2.8. 
was plotted against water temperature (Figure 2.4.). The 
number of samples that failed to achieve the standards 
noticeably increased at 15°C (Figure 2.4.) and it was 
therefore apparent that the bacteriological quality of the
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with a water temperature above or below 15UC usincr the
Student-t-test
*
Population Coliforms Escherichia
★ ★
Bacterial Colony
★
Pseudomonas
per 100 ml coli per count at 37°C aeruainosa
100 ml per ml per 100 ml
Water
Temperature 96.59 
15°C or above
9.07 6804.24 10.38
Water
Temperature
less than 15°C 12.19 6 .63 70.46 0.92
probability — 0.729 0.176 0.00
Key * Mean counts
distribution water was adversely affected when the temperature 
exceeded this level. A comparison of the mean bacterial 
counts above and below 15°C (Table 2.15.) provided further 
information on the relationship between temperature and 
bacterial numbers. There was no significant difference at 
the 90% confidence level between the mean E.coli counts or 
between the mean colony counts. However, the mean coliform 
counts did exhibit a significant difference at this level 
but not at the 95% confidence level. In contrast to the 
other bacteria a highly significant difference at the 99.9% 
confidence level existed between the mean counts of 
Ps.aeruainosa. It was therefore concluded that water 
temperature exerted a strong influence on the counts of 
Ps.aeruainosa. A similar but much less pronounced influence 
was also exerted on the coliform counts. E .coli on the other 
hand appeared to be unaffected by the water temperature. 
Samples containing E.coli were resampled frequently in the 
summer and this resulted in the apparent association between 
counts of E .coli and water temperature in Figure 2.4.
The survival of enteric bacteria in water at various 
different temperatures has been the subject of several studies 
summarised by Holden (1970) and Wilson and Miles (1954).
In all these investigations it was found that the bacterial 
recovery rates were greatest at the lower water temperatures. 
The antithesis of this situation existed in this survey, the 
highest mean counts being above rather than below 15°C. It 
was unlikely, therefore, that water temperatures over 15°C
- 63 -
Table 2.16 The mean bacterial counts from samples with water temperatures
Water
ranaina from 5 - 
temoerature Coliforms
23°C
Escherichia Bacterial colony Pseudomonas
°C oer 100ml coli oer count at 37°C aeruainosa
100 ml oer ml oer 100 ml
5 14.03 0.02 33.28 0.12
6 1.28 0.08 27.69 0.56
7 4.44 0.03 42.70 1.81
8 1.92 0.00 26.88 0.46
9 16.18 0.01 30.69 0.10
10 5.48 0.00 46.91 0.07
11 8.28 0.00 52.68 0.26
12 5.01 0.39 283.82 0.64
13 24.80 21.67 156.38 4.80
14 65.97 59.82 189.11 0.63
15 28.34 6.00 1065.56 9.73
16 12.91 2.18 787.68 7.89
17 27.50 8.72 434.46 3.30
18 39.22 2.39 411.56 7.26
19 26.53 4.23 514.69 6.65
20 394.88 12.39 3967.16 11.15
21 61.40 16.48 418.23 15.39
22 66.90 16.90 725.18 19 .48
23 62.31- 4.10 562.13 14.06
favoured bacterial survival. The frequency of sample 
collection from each type of sample site and point was 
similar over the full range of temperatures, so it was 
improbable that any one sample site, more susceptible to 
bacterial comtamination, had introduced a bias into the 
results creating the observed temperature effect. Bacterial 
growth rates are known to be influenced by changes in 
temperature and the capabilities of Ps.aeruginosa to grow 
and E .coli to die out in distribution water would provide 
a plausible explanation of the results.
The mean bacterial counts for each water temperature 
are tabulated in Table 2.16. This data was used to plot 
the scatter diagrams, Figures 2.5., 2.6*., 2.7. and 2.8.
Water temperatures below 5°C were not included because they 
were outside the growth range of both Ps.aeruginosa and E.coli. 
The growth range of Ps.aeruginosa is considered to be 
5 - 42°C, whilst that of E . coli is 15 - 45°C (Wilson £< Miles, 
196 4). Temperatures above 23°C were also excluded because 
only 0.5% of the total number of samples fell in this 
temperature range and this was considered to be too small a 
number of samples to be representative.
By inspection the data in Figure 2.5. seemed to fit a 
logarithmic curve. This type of relationship between water
- 64 -
Eigure 2.5 Scatter diagram of mean counts of Pseudomonas aeruginosa against
water temoerature showing an exponential relationship
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Figure 2.6 Scatter diagram of mean counts of coliform bacteria against
water temperature showing an exponential relationship
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Figure 2.7 Scatter diagram of mean colony counts against water
temperature showing an exponential reiationship_
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per ml
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Figure 2.8 Scatter diagram of mean counts of Escherichia coli against water
temperature
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temperature and bacterial numbers is appropriate because 
exponential growth is characteristic of unicellular bacteria, 
the number of cells doubling with each generation. The 
appropriate measure of correlation for two variables related 
curvilinearly is the index of correlation r. The index of 
correlation for the’first degree exponential case was 
calculated to be 0.84 for the data in Figure 2.5. It seemed, 
therefore, that the exponential correlation model was a 
good representation of the relationship between water 
temperature and the counts of Ps.aeruainosa. The exponential 
regression coefficients were found to be a = 0.04, b = 0.28, 
making the best fit exponential curve for the data 
y = 0.04e (0.28x)^ «phe index of determination r^ for this
*
equation was 0.70. This curve is superimposed on the 
scatter diagram Figure 2.5.
A logarithmic curve did not obviously fit the scatter 
diagram for E.coli (Figure 2.8.), neither was a linear 
relationship apparent. The index of determination for the 
best fit exponential and linear curves were 0.49 and 0.08 
respectively. There was some indication that an exponential 
relationship fitted the coliform counts and colony counts.
The index of correlation for both was 0.79 and the index of 
determination for the best fit curves 0.62; not as good a 
relationship as Ps.aeruginosa which might be expected for 
more heterogenous groups of bacteria.
The analysis of the survey data clearly established that 
water temperature influenced the bacteriological quality of 
the distribution water and with the exception of E.coli, the 
levels of the bacteria studied responded exponentially to 
increases in water temperature. It is therefore probable 
that where suitable nutrients were available and the 
temperature exceeded 15°C, growth of bacteria, in particular 
Ps.aeruainosa. occurred in the distribution system.
2.4.7. The relationship between the source of. the distribution 
water and bacteriological water quality
The water in the distribution system was derived from two 
sources; surface water from rivers and ground water from 
wells and boreholes. Available information on the origin of
- 69 -
the water supplied to each zone made it possible to 
ascertain the source of the water supplied to each sample 
site at the time of the survey. In some zones water from 
different sources was combined, and the proportion of 
surface to ground water varied according to demand.
The high proportion of sample sites that were supplied 
with surface derived water (Table 2.17.) reflected the 
ratio of surface to ground water supplied to the distribution 
system as a whole, 85% surface to 15% ground (Thames Water 
Statistics, 1977). There was no difference in the 
distribution of water sources between the samples containing 
Ps.aeruginosa and the total sample population (Table 2.17.). 
The percentage of sample sites receiving well water was 
lower for the sampl.es containing coliform bacteria (3.6%) 
than the total sample population. Similarly, high colony 
counts occurred less often at sample sites receiving well 
water (3.9%) than the total population.
Surface and ground waters are subjected to different 
methods of treatment and contain varying levels of bacteria 
and nutrients. If one particular source of water played a 
significant role in determining the presence of Ps.aeruginosa 
in the samples from the distribution system, it would be 
expected that the majority of samples containing Ps.aeruginosa 
would be supplied with water from that particular source.
This was not apparent from the survey samples. There was, 
however, some indication that high levels of bacteria, 
in particular coliform bacteria, were more frequently 
encountered in parts of the distribution system that 
received river-derived water.
The distribution system is divided into 68 zones, each 
containing at least one service reservoir or holding tank.
The survey included samples from 58 of these zones. The 
mean bacterial counts of the samples collected from 42 zones 
are given in Table 2.18. The remaining 16 zones were 
excluded because an unrepresentative number of samples (less 
than 10 samples from only one or two sites) were collected 
from these zones. The mean bacterial counts from each zone 
were compared using the appropriate analysis of variance 
method. The F values obtained are given in Table 2.18.
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Table 2.18. The .mean, bacterial counts from the samples collected from
each zone of the distribution system
* ★ , * ★
Distribution Zone Number Coliforms Escherichia Bacterial Pseudomonas
of ner 100ml coli per Colony aeruainosa
EASTERN AREA
Samples 100 ml count 
per ml
per 100 ml
Finsbury Park 610 6.49 0.46 226.21 11.26
Woodford 283 36.47 22.07 195.00 1.58
Crouch Hill 98 58.39 0.15 240*66 1.83
Sewardstone 150 9.57 0.21 287.06 3.86
Chigwell 231 12.90 0.55 231.17 1.96
Maiden Lane 38 71.47 9.45 437.63 7.22
Southgate 50 0.44 0.00 102.92 1.10
Hornsey Lane 18 0.22 0.00 67.72 0.00
Hoddesdon 12 0.83 0.00 13.18 . 1.09
High Beech 
Highgate
79 27.58 0.00 109.58 0.54
23 0.09 0.00 27.04 0.00
Mixed supplies 
SOUTHERN AREA
114 50.25 2.30 803.76 6.46
Chessington 25 3.80 0.80 420.42 0.00
Crystal Palace Tank 10 1.60 0.60 13.90 0.00
Honor Oak 158 7.69 0.09 80.45 1.37
Norwood 144 16.58 7.04 209.85 0.53
Nunhead 224 11.66 3.65 197.72 8.40
Rock Hill 47 16.58 10.55 35.39 0.02
Selhurst 11 0.00 0.00 25.18 0.00
Mixed supplies 
WESTERN AREA
138 23.33 0.17 190.99 17.77
Barrow Hill 16 887.63 875.00 813.88 0.88
Bishopswood 97 2.72 0.00 157.42 0.21
Campden Hill 16 0.50 0.13 38.50 0.25
Crouch Hill 88 1.43 0.00 263.64 0.23
Ealing Town 14 0.57 0.00 26.36 0.00
Hammersmith 119 3.87 0.42 366.30 6.92
Hampton 29 0.21 0.00 28.83 1.90
Hornsey Lane 25 0.00 0.00 17.72 0.16
Kew 88 30.49 7.06 60.61 1.03
Kidderpore 27 0.22 0.00 45.96 0.00
Maiden Lane 274 29.05 6.47 152.68 1.04
Mill Hill 22 1.27 0.00 42.36 0.00
Putney 91 1.69 0.02 131.79 0.72
Shoot up Hill 208 17.27 11.68 199.55 4.51
Hampstead Stand pipe 18 0.00 0.00 26.89 1.06
Mixed supplies 
KENT AREA
150 8.20 0.96 47.28 2.95
Eltham 121 10.59 5.85 1260.47 0.91
1 Greenwich Park 70 35.19 0.03 172.46 6.46
Woolwich Common 73 79.08 21.46 715.66 23.65
New Cross 19 0.22 3.16 2686.53 0.00
Plhmstead Common 19 1.68 0.00 890.21 1.94
Castlewood 41 1.54 0.39 196.73 4.08
Northumberland Heath 34 0.94 0.00 8.87 1.62
Southfleet 22 202.09 0.50 63.23 0.00
Bromley 69 22.03 2.48 429.20 0.12
Mixed supplies 107 26.62 18.69 321.19 3.81
MIXED AREAS' 11 0.18 0.00 9.73 0.00
F value 4.2688 5.6007 1.6188 0.9223
Key * Mean counts
N  -U ^ Q 5 x r\ v>% JbHv\S V ta^o^  w U O -  c ^ O jr c J c e d L
^ > \a _ V rv ^ V v .c O ^  C vA C /Q ^S aS , CkT xS^ CkSQ—  «^C>V- *~C-^) r^ S O f^  HaA-vc/ o \—
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These values were compared to - the 99% confidence
level - which was 1.5446. The F values for the mean 
coliform, E.coli and bacterial colony counts all exceeded 
F(o,oi) kut the ^ value for the mean Ps.aeruginosa counts 
was less than F(g.Ol)* The hypothesis that the mean counts 
of each zone are equal is,therefore, only accepted for the 
counts of Ps.aeruginosa.
The ingress of soil and surface water into service 
reservoirs has been found to result in the contamination of 
treated water and pollution can result from contact of the 
potable water with the surfaces of the structure (Hutchinson 
& Ridgway, 1977)’. It was likely, therefore, that the. 
existence of a reservoir prone to such contamination would 
reveal itself by a rise in the number of bacteria isolated 
from water supplied to that zone. Furthermore, if 
Ps.aeruginosa was a casual contaminant of the distribution 
system capable of gaining access to the system from such 
reservoirs, it was considered probable that the counts of 
this bacterium would be higher in the susceptible zones.
The mean counts of Ps.aeruginosa from each zone were not, 
however, found to differ significantly at the 99% confidence 
level. It was concluded that the level of Ps.aeruginosa in 
the distribution system was unrelated to -the zone of supply.
In contrast to Ps.aeruginosa. the mean coliform, E.coli 
and colony counts differed at the 99.9% confidence level and 
by inspection of the data in Table 2.18. it was obvious that 
the Barrow Hill zone exhibited exceptionally high mean 
counts of these bacteria. The original data for the sixteen 
samples that were collected from this zone was examined and 
it was found that one sample, Y529A, collected from a 
tap-off-tank in a consumer’s premises, had contained these 
bacteria in very high numbers. The data for this sample is 
described in Table 2.19.
The results from sample Y529A were, at the time, referred 
to the local Environmental Health Officer and subsequent 
investigation revealed that the tank was in bad repair and 
contained a dead pigeon. It was the opinion of■the 
Environmental Health Officer and Thames Water Authority 
that the bacteria isolated from the tank water sample 
originated from faecal material associated with the dead
- 73 -
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bird and not from the distribution water. In view of this 
information the sample was excluded from the data and the 
mean counts for the Barrow Hill zone recalculated from the 
remaining fifteen samples. The recalculated mean counts 
described in Tab&e 2.20. were used in place of the original 
counts obtained from the zone and the F values recalculated 
using the same method of analysis. The new F values for 
coliforms, E.coli and Ps ^ aeruginosa (Table 2.20.) were less 
than the g .01) level.
It was apparent, therefore, that like Ps.aeruginosa 
the presence of coliform bacteria and E.coli in the 
distribution system was unrelated to the zone of supply. 
There was, however, some evidence to suggest that the number 
of bacteria capable of growth at 37°C present in the 
distribution system was governed by the zone of supply.
2.4.8. The variance in bacteriological quality of the
distribution water collected from different sample 
sites and points
The survey samples were collected from three types of site 5
new mains before commission to service, repaired mains and
supplies to consumers' premises that had some noticeable
deterioration in water quality - complaints. The frequency
distribution of the samples between the three sites is 
\Ke.
illustrated by^histogram^ in Figure 2.9. and it can be seen 
that the majority of the samples were collected from 
repaired mains. The frequency distributions of the samples 
that exceeded each of the four bacterial limits described in 
Section 2.4.4. (Table 2.9.) did not, however, display the 
same distribution pattern, as the total sample population.
In each case the sample--site showing the greatest number of 
samples was the new main. If the bacteria had occurred 
randomly throughout the distribution system, each sample 
population would have been distributed in the same way as 
the total population, it is clear, therefore, that there 
was a strong association between the presence of bacteria 
and new main sites. The association is more noticeable for 
coliform bacteria and Ps.aeruginosa where over 50% of the 
samples containing unsatisfactory levels of these bacteria 
were from new mains.
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Tne sites were sampled from a variety of sample points 
- taps-off-mains, hydrants, taps-off-tanks and other points 
such as water softeners and dialysis machines. The 
frequency distribution of the samples between these points 
is illustrated by histograms in Figure 2.10. The samples 
were almost evenly distributed between taps-off-mains and 
hydrants, with less than 2% of the samples being collected 
from taps-off-tanks and other points. As with the sample 
sites the random occurrence of bacteria throughout the 
distribution system would have resulted in the samples 
containing unsatisfactory levels of bacteria exhibiting 
similar distribution patterns to the total sample population. 
The histograms in Figure 2.10 are not, however, similar and 
it is clear that high levels of bacteria are commonly 
associated with hydrants. Again the association is more 
distinct with coliform bacteria and Ps.aeruginosa since over 
70% of the samples containing unsatisfactory levels of these 
particular bacteria were from hydrants.
All the bacteria studied were isolated on several 
occasions from each kind of sample site and point. It was 
concluded, therefore, that the water at each type of site 
and point was capable of becoming contaminated with bacteria 
and that no site or point afforded special protection to the 
water supply. Operational procedures dictate a relationship 
between new mains and hydrants and it seemed from the above 
results that there was some factor associated with new mains 
that encouraged the presence and possibly the growth of 
coliform bacteria and Ps.aeruginosa
2.5. Summary
The presence of Ps.aeruginosa was established in the parts 
of the distribution system surveyed and the frequency of 
isolation over a period of one year was found to be comparable 
with that obtained for coliform bacteria. While Ps.aeruginosa 
must be considered as a not infrequent contaminant of this 
distribution system, it was clear from both this and the 
previous survey (Report, 1970) that Ps.aeruginosa is- not 
a natural component of the bacterial flora of potable water.
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It used to be a commonly held opinion that Ps.aeruginosa, 
■when present in water supplies, was associated with faecal 
pollution and, therefore, suitable for use as a secondary 
indicator of faecal pollution. Recent work by Nemidi and 
Lanyi (1971) contradicted this theory and the results from 
this survey confirm their findings as it was not possible to 
demonstrate an association between Ps.aeruginosa and coliform 
bacteria or E.coli within the distribution system.
The origin of the treated water in the distribution 
system did not influence the presence of Ps.aeruginosa.
The organism was found to occur in sectors of the system 
receiving both river-derived and ground water. This was 
further reinforced by the finding that Ps. aerucrinosa was 
not associated with any particular zone or zones in the 
system. It seems unlikely, therefore, that the level of 
Ps.aeruginosa in the distribution system is controlled to 
any great extent by the nature of the water. Furthermore, 
the condition of the underground service reservoirs and 
holding tanks, some of which were known to be in a bad state 
of repair at the time of the survey, played no obvious 
contributing role in determining the presence of Ps.aeruginosa 
in the system.
All of the bacteria studied were isolated on some 
occasions from every type of sample location but the 
frequency of isolation was considerably higher from new 
mains than from the other sites. Ps.aeruginosa and coliform 
bacteria showed a particularly strong predilection for new 
mains. In view of the fact that the nature of the water in 
the system does .not influence the bacterial numbers it must 
be concluded that some factor or factors associated with the 
new mains themselves was responsible for the increased 
isolation rate.
The counts of Ps.aeruginosa and to a lesser extent the 
counts of coliform bacteria and bacteria capable of growth 
at 37°C were found to be related to the temperature of the 
water in the distribution system. The relationship was 
exponential; the number of bacteria increasing rapidly above 
15°C. It was considered improbable that the higher 
temperatures favoured survival of these bacteria. It is 
more probable that a temperature relationship of this kind
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would exist if multiplication of the bacteria was occurring 
within the distribution system. The growth of E.coli outside 
the gut of man, animals and birds has only been demonstrated 
under special circumstances e.g., warm weed piled up on filter 
beds (Report, 1970) but the growth of coliform bacteria and 
Ps.aeruginosa has often been observed in aquatic environments 
(Holden, 1970). E.coli was unaffected by increases in 
water temperature and it seems clear that it behaved 
differently in the distribution system from Ps.aeruginosa 
and coliform bacteria. It therefore seems credible from 
the observations of the effect of water temperature on these 
bacteria that Ps. aerucrinosa and coliform bacteria are capable 
of multiplication within the distribution system. It has 
been shown that these bacteria are not ubiquitous in potable 
water and it is therefore unlikely that they can derive 
sufficient nutrients for their growth from the water itself. 
Construction materials used in the distribution system 
have been found to be capable of supporting the growth of 
coliform bacteria, Ps.aeruginosa and fungi in laboratory 
tests designed to reproduce the conditions present within 
a distribution system (Burman & Colboume, 1976, 1977, 1979).
It seems probable therefore that Ps.aeruginosa and other 
bacteria, including coliform bacteria, multiply in distribution 
water when the temperature exceeds 15°C and a suitable 
nutrient source, such as a construction material, is present. 
The use of a material capable of supporting the growth of 
these bacteria in the new mains laid in the distribution 
system would provide an explanation for the common occurrence 
of bacteria at these sites.
If the growth of bacteria in the distribution system 
is due to their multiplication on specialised nutrient 
sources, such as construction materials, the bacteria may 
be unable to multiply in the yeast extract agar in the 
absence of a specific carbon source. This fact, coupled with 
the use of small volumes (one ml) of water for the colony 
counts, may explain the absence of a clear relationship 
between Ps.aeruginosa and the bacterial colony counts.
In order to extend the findings of the. survey, strains of 
Ps.aeruginosa isolated from the distribution system were 
studied taxonomically and pyocine typed.
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g . u. a . raxonoiru-c. study or tne isolates of Pseudomonas 
aeruginosa collected from the distribution system
A single step confirmatory method for the rapid identification 
of presumptive isolates of Ps.aeruginosa was devised for 
the survey from the work of Brown and Scott Foster (1970), 
who found that strains of Ps.aeruginosa identified by a series 
of conventional biochemical tests produced casein hydrolysis 
and green pigmentation when grown on agar containing 10% 
defatted milk. The identification of the isolates of 
Ps.aeruginosa from the survey, along with a study of their 
biochemical and nutritional characteristics, was considered 
to be fundamental to the investigation of the significance 
of Ps.aeruginosa in distribution water. Two comprehensive 
taxonomic studies covering the green fluorescent pseudomonads 
(Jessen, 1965; Stanier et al, 1966) provide a wealth of data 
on the characteristics of these organisms but the data on 
Ps.aeruginosa in these works was derived from isolates from 
human pathological specimens. It was considered, therefore, 
that the following study of the potable water isolates 
would be a useful extension of the aspects of these classic 
studies concerned with the characteristics of strains of 
Ps.aeruginosa.
3.1. The taxonomic position of Pseudomonas aeruginosa
Ps.aeruginosa is described in the eighth edition of Bergey's
Determinative Manual of Bacteriology (1974) as "..... the
type species of the genus Pseudomonas in the Family 
Pseudomonaceae11. A considerable volume of the literature 
concerning the bacterium can be found under the species 
name Pseudomonas pyocyanea. This synonym originated from 
the discovery that the bacterium was the causative agent of 
’’blue pus”. The definition of Ps.aeruginosa given in this 
authorative manual is as followsj-
"Rods 0.5 - 0. 8^ um by 1.5 - 3.Qmt\ singly, in pairs or 
short chains. Motile with polar monotrichous 
flagellation (cells with 2 or more polar flagella 
may occur infrequently). .
Diffusible fluorescent pigments and a soluble 
phenazine pigment, pyocyanine are produced by most 
strains in suitable media. Strains producing neither 
pigment extremely rare. Some strains excrete a dark
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red pigment. Slime not produced in media -with 
sucrose. Weakly lipolytic. Egg yolk reaction 
negative.
Organic growth factors not required.
Nutritionally versatile; individual strains can 
use from 76 - 82 or more different organic compounds 
for growth.
The following combination of nutritional 
characters is particularly useful for distinguishing 
strains of this species that do not produce 
pyocyanine from other fluorescent Pseudomonas spps 
ability to use sebacate, geraniol, L-mandelate, 
acetamide and n-hexa-decane and inability to use 
trehalose, mucate and meso-inositol.
Obligately aerobic, except in media with 
nitrate. Optimal temperature circa 37°C. Growth at 
41°C but not 4°C.
Gan be isolated from soil and water particularly 
from enrichment cultures for denitrifying bacteria, 
commonly isolated from clinical specimens (wound, 
burn and urinary tract infections). Causative agent 
of blue pus.
Occasionally pathogenic for plants. Strains 
isolated from leaf spot of tobacco identical with or 
similar to Ps.aeruginosa have been named Ps.polycolor.
The G + C content of the DNA is circa 67 moles % 
(from buoyant density). Gene transfer by both 
conjugation and transduction demonstrated in this 
species.”
The construction of this definition was undoubtedly 
assisted by the studies of Jessen (1965) and Stanier et al 
(1966). Jessen (1965) concluded that with the use of a 
limited number of bacteriological methods Ps.aeruginosa 
could be characterised as an homogenous group independent 
of the production of the pigment, pyocyanine. Furthermore 
he considered it possible to separate this group from the 
other fluorescent pseudomonads and that it deserved a
taxonomic rank at the specific level. Jessen*s
characterisation was formulated from the finding that
”. a fixed number of properties was shared by practically
all strains”. He did not consider that any of his strains
took up positions as *atypical Ps.aeruginosa 1 or
TPs.aeruginosa - Ps.fluorescens intermediate strains* and
there was no overlap between Ps.aeruginosa and other groups
of fluorescent pseudomonads. Jessen concluded that
”..... .the group was very nearly homogenous” and it met the
requirements of his definition which wasi-
" The species Pseudomonas aeruginosa (Schroter) Migula 
1894 comprised Gram negative, straight or slightly 
curved rods, which do not form endospores. If motile
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they have polar flagella. They produce acid from 
glucose by an oxidative kata-bolism.
The organisms are strictly aerobic.
They give positive catalase and oxidase reactions.
A diffusible water-soluble, fluorescing pigment 
is produced. Growth occurs at temperatures from 
22 - 42°C, but not at 5°C.
Acid, but no gas, is produced by oxidation of 
the following carbohydrates and alcohols in 
oxidation/fermentation medias d-arabinose,
1-arabinose, d-xylose, d-glucose, d-mannitol, ethanol, 
glycerol and melibiose.
A very late production of acid may occur from 
1-rhamnose, and in a few cases from lactose and maltose.
No production of acid or gas can be detected 
within 28 days in the same type of medium from* 
sucrose, raffinose, starch, salicin, adonitol, 
dulcitol, sorbitol, inositol, melezitose or 1-erythritol.
Starch is not hydrolysed.
Gelatin is rapidly liquified.
Nitrate is reduced beyond the stage•of nitrite.
The egg yolk reaction is negative.”
Stanier et al (1966) concurred with Jessen (1965) that 
Ps.aeruginosa constitutes a relatively isolated, uniform 
biotype in the fluorescent pseudomonad group. Their opinion 
was based upon a detailed examination of the ability of the 
pseudomonads to utilise a wide variety of organic compounds 
as carbon and energy sources for aerobic growth. In 
addition to the nutritional spectra they also examined other 
biochemical characters considered to be of taxonomic 
importance. The nutritional characteristics that they 
considered to be of differential value for the separation 
of Ps.aeruginosa from other fluorescent pseudomonads were 
the ability to utilise geraniol and acetamide and the 
inability to utilise phenylacetate, benzylamine, inositol 
and trehalose.
The taxonomic position of Ps.aeruginosa. unlike other 
members of the green fluorescent pseudomonads, seems to be 
well established as a distinct homogenous species of the 
genus Pseudomonas. The aim of this study was to confirm 
that the isolates from potable water belonged to the 
described species and to examine whether the biochemical or 
nutritional characteristics of the isolates differed in any 
notable fashion from the isolates studied by Jessen (1965) 
and Stanier et al (1966).
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3.2.1. Maintenance of cultures
The isolates of Ps.aeruginosa which gave the reactions 
described in Section 2.3.2.3. when grown on milk agar were 
purified by subculture on yeast extract agar (Report 71,1969) 
plates. The plates were incubated for 24 hours at 30°C and 
the colonies that developed examined for uniform colonial 
appearance. When morphologically different colonies were 
observed on a single milk plate from one specific sample, 
each different type of colony was assumed to represent a 
distinct strain and separate pure cultures were prepared on 
yeast extract agar.
The purified isolates were stained by the method of 
Gram (Cowan & Steel, 1974) and examined microscopically for 
purity, shape and Gram reaction. The isolates, were then 
subcultured onto slopes of yeast extract agar and maintained 
at 4°C. Throughout the taxonomic study the isolates were 
subcultured to fresh slopes of yeast extract agar every six 
weeks. Any slope that exhibited pyocyanine production was 
not stored but recultured immediately. This precaution was 
adopted during the study after it had been discovered that 
several cultures had lost their viability as a result of the 
toxic effect of the accumulated pyocyanine. The number of 
subcultures was kept to a minimum to reduce the possibility 
of biochemical and nutritional characteristics being lost 
from the isolates.
3.2.2. The biochemical test methods
Twelve biochemical characteristics were included in the study. 
Unless otherwise stated, 24-hour cultures grown on yeast 
extract agar formed the test inocula. Control cultures and 
plates of uninoculated media were used to ensure that the 
media and reagents were sterile and contained the correct 
ingredients. Any isolate that gave a result contrary to that 
expected from the definitions of Ps.aeruginosa shown-in 
Table 3.2. was retested twice.
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3.2.2.1. The oxidase test
A loopful of culture was smeared onto a sterile filter paper 
that had previously been soaked in a 1% (w/v) solution of 
NjN'-dimethyl-p-phenylenediamine. The solution was freshly 
prepared and colourless. Oxidase positive strains turned a 
deep blue-purple colour within ten seconds of contact with 
the test reagent.
3.2.2.2. The catalase test
A drop of hydrogen peroxide (3% solution in distilled water) 
was placed on a clean, sterile glass slide. A loopful of 
the culture was held in contact with the reagent for a period 
of 30 seconds. Catalase positive strains showed a visible 
generation of bubbles of gas.
3.2.2.3. The production of pyocyanine-piqmentation
A loopful of culture was streaked in a single line down the 
centre of a King’s A agar plate (King et al, 1954). The 
plates were incubated at 30°C for four days. The development 
of pigments on the plates was recorded each day.
3.2.2.4. The production of fluorescein-piqmentation
A loopful of culture was streaked in a single line down the 
centre of a King*s B agar plate (King et al, 1954) . The 
plates were incubated at 30°C for 48 hours. After incubation 
the plates were exposed to ultraviolet light of 350 nm 
wavelength and the presence of lime-green fluorescence 
recorded as positive for the production of fluorescein.
3.2.2.5. Growth at 4°C
Tubes of yeast extract broth medium (Stanier et al, 1966) were 
inoculated with a loopful of a culture which had previously 
been grown in tubes of the same medium for 18 hours at 30°C, 
The tubes were incubated for ten days at 4°C. Growth was 
determined from the presence of a visual turbidity in the 
medium at the end of the incubation period.
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J . 2. 2 . b . Growth at 41. 5UC
Tubes of yeast extract broth medium (Stanier et al, 1966) 
were inoculated with a loopful of culture which had 
previously been grown in tubes of the same medium for 18 
hours at 30°C. The tubes were incubated for 24 hours at 
41.5°C. Growth was determined from the presence of a 
visible turbidity in the medium at the end of the incubation 
period.
3.2.2.7. Denitrification test
The tests were conducted in tubes of yeast extract medium 
supplemented with 10 g. KNO3 and 1 g. Ionagar per litre.
The cultures were grown in an unsealed tube containing 5 ml 
of the medium for 24 hours at 30°C and then a loopful of 
these tube cultures was transferred to tubes containing 
10 ml of the same medium in a molten state at 40°C. The 
contents were mixed and cooled in a 4°C incubator for 10 
minutes,, by which time the medium was semi-solid. An agar 
plug was then formed over the semi-solid agar surface with
2 ml of 1% (w/v) Ionagar in water. The tubes were incubated 
at 30°C for a maximum period of 5 days. The production of 
both visible turbidity in the medium and the appearance of 
gas under the agar plug causing it to rise up the tube were 
recorded as positive reactions at the end of the incubation 
period.
3 . 2. 2 . 8 . Gelatin hydrolysis test
A loopful of culture was streaked onto plates of gelatin 
medium (Skerman, 1959). The plates were incubated for 48 
hours at 30°C and then flooded with an acidic solution of 
mercuric chloride (HgCl^ 15 g., H^O 100 ml, HC1 20 ml).
The unhydrolysed gelatin was precipitated by the mercuric 
chloride and zones of clearing (exceeding 2 mm in diameter) 
around distinct colonies were taken as indicative of 
gelatinase production.
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3.2.2.9 . Starch hydrolysis test
A loopful of culture was streaked onto plates of yeast extract 
agar supplemented with 0.2% (w/v) soluble starch (Stanier et 
al, 1966). The plates were incubated for 48 hours at 30°C 
and then flooded with Lugol*s Iodine solution (Cowan & Steel, 
1974). The unhydrolysed starch produced a black colouration 
in the medium and the presence of clear zones around distinct 
colonies was taken as indicative of starch hydrolysis.
3.2.2.10. Tween 80 hydrolysis
A loopful of culture was streaked onto plates of Tween 80 
agar (Sierra, 1957). The plates were incubated for 6 days 
at 30°C and the appearance of a turbid halo around the areas 
of growth was taken as indicative of hydrolysis of the 
detergent.
3.2.2.11. The egg yolk reaction
A loopful of culture was streaked onto plates of Oxoid 
Nutrient agar medium supplemented with 1% NaCl and fresh egg 
yolk emulsion (100 ml to 900 ml Nutrient agar). The plates 
were incubated for 6 days and the formation of opalescence 
surrounding the areas of growth was taken as indicative of 
a positive reaction.
3.2.2.12. The arginine dihydrolase test
Tubes of arginine agar (Thornley, 1960) were stab inoculated 
with a straight wire and the surface of the agar covered with 
a 5 mm layer of sterile molten petrolatum. The tubes were 
incubated for 3 days at 30°C and the presence of a red colour, 
the alkaline reaction of phenol red, in the medium was taken 
as indicative of arginine hydrolysis.
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3 . z. j . xne metnofl a t tes.t for tne ab.iJLL.ty of the isolates 
to grow on carbon and energy sources
In order to facilitate a comparison with the data of 
Stanier et al (1966) the method of test was as far as 
possible the same as that used in their study; 42 different 
substrates were chosen from those used in the original study. 
This selection was based on the availability of the substrates 
and the differential value placed on each substrate by 
Stanier et al (1966) .
The test media were prepared by adding each substrate 
to a standard mineral base (Stanier et al, 1966) solidified 
with 1% (w/v) Ionagar. The agar solution was made in 
distilled water and sterilised separately from the mineral 
base to prevent browning of the final medium. The two 
solutions were mixed with a filter sterilised solution of 
the substrate at a temperature of 45°C. The plates were 
dried and checked for sterility by incubation at 3 0°C for 
48 hours. The substrate concentration used was 0.1% with 
the exception of the concentrations of the sugars (0.2%) 
and phenol (0.025%). Geraniol could not successfully be 
incorporated into the agar medium, so the test was undertaken 
by using plates of the basal medium inverted over petri dish 
lids containing 5 ml of geraniol. The concentration of 
this substrate was therefore unknown.
The cultures were grown on yeast extract agar plates 
for 24 hours at 30°C and streaked by hand onto single substrate 
plates. Ten cultures were streaked onto each plate of medium. 
The plates were incubated at 30°C for 4 days and the results 
were recorded every 48 hours. The only substrate treated 
differently was geraniol which was incubated for 7 days and 
the results recorded at the end of the test. Isolates that 
gave results contrary to those expected were retested twice. 
Each isolate was also tested for growth on control plates 
of the basal medium.
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3.3. Results and Discussion
All of the isolates were Gram negative rods which appeared 
singly or in pairs. Twelve isolates were found to have lost 
their viability on storage as a result of the accumulation 
of pyocyanine in the yeast extract agar slopes on which they 
were being maintained, and three milk plates exhibited 
mixed colonial types; two showed three strains and one 
showed two strains. The number of isolates submitted to the 
test programme was 343.
3.3.1. The results of the biochemical tests
The number of isolates that exhibited positive reactions in 
the twelve biochemical tests is given in Table 3.1. Each 
isolate produced a positive reaction in the oxidase and 
catalase tests and in the oxidase test the blue-purple 
coloration developed rapidly, within five seconds. All the 
isolates were capable of growth at 41.5°C but only isolate 
232 produced visible turbidity after 10 days incubation at 
4°C. This isolate behaved typically in all of the remaining 
biochemical tests. None of the 29 strains studied by Stanier 
et al (1966) showed themselves to be capable of growth at 
4°C; .however, Jessen (1965) found that 2 of his 354 strains 
were capable of growth at 5°C.
Every isolate'hydrolysed gelatin and all.except isolate 
37 hydrolysed arginine. Only four isolates were incapable 
of hydrolysing Tween 80 while only one isolate demonstrated 
the ability to hydrolyse starch. These six isolates showed 
no other atypical biochemical characteristics. Jessen (1965) 
also found that some of his strains, six in all, were unable 
to split Tween 80.
Denitrification was demonstrated by 339 isolates and 
with the exception of 20 isolates, nitrate was reduced 
completely to nitrogen gas. Four isolates appeared to be 
completely unable to grow on the nitrate medium. Jessen
(1965) found that 4 of his strains were capable of reducing 
nitrate to nitrite only but the remainder showed complete 
reduction to nitrogen. Stanier et al (1966) found that all 
their 29 strains were vigorous nitrate reducers. The
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Table 3.1. The biochemical characteristics of the isolates, of Pseudomonas
aeruginosa obtained from the distribution system
Biochemical Test Number of Number of Percentage oi
oositive isolates oositive isoi
isolates tested
Oxidase 343 343 100.0 O/ /O
Catalase 343 343 100.0 %
Pyocyanine production 313 343 91.3 %
Fluorescein production 336 343 98.0 %
Growth at 4°C 1 341 0.3 %
Growth at 41.5°C 343 343 100.0 %
Arginine hydrolysis 341 342 99.7 %
Denitrification 339 343 98.8 %
Denitrification to N2 gas 319 343 93.0 %
Gelatin hydrolysis 340 340 100.0 %
Starch hydrolysis 1 343 0.3 %
Tween 80 hydrolysis 339 343 98.8 %
Egg yolk reaction 341 343 99.7 %
Table 3.2. The definition of Pseudomonas aeruginosa based on the 
twelve biochemical characteristics
Character Jessen (1965) Stanier et al (1966) Potable watej
isolates
Oxidase 
Catalase 
Fluorescein 
Growth at 4°C 
Growth at 41.5°C 
Arginine hydrolysis 
Denitrification to N? 
Gelatin hydrolysis 
Starch hydrolysis 
Tween 80 hydrolysis
Pyocyanine
Egg yolk reaction
Key ■ 95 % of strains
• majority of strains 
▲ 91 % of strains
a delayed positive reaction
negative isolates produced typical results in the other 
biochemical tests.
Seven strains were found to be incapable of producing 
a fluorescent pigment on King’s B agar. One of these non- 
fluorescent isolates was also unable to produce pigmentation 
on King’s A agar. This isolate gave typical results in the 
other biochemical tests. The production of a dark blue-green 
phenazine pigment, pyocyanine, on King’s A agar was exhibited 
by 313 isolates. A further 19 isolates produced pigments 
other than pyocyanine on King’s A agar, the colours ranging
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from pale yellow to lime green. These plates exhibited 
fluorescence when exposed to ultra-violet light and it was 
therefore considered probable that these colours indicated 
the accumulation of fluorescein in the agar. Eleven 
isolates produced no pigmentation on King's A agar. The 
development of pyocyanine on the King's A plates followed 
a common colour pattern in many of the isolates. After the 
first 24 hours incubation a bright green colour was present 
in the streak of growth in the centre of the agar plate; 
the colour deepening and developing throughout the next 24 
hours incubation to the characteristic dark blue-green.
Some diffusion of the pigment into the agar was also noticeable 
at this stage. During the third day of incubation a pink- 
purple colour appeared in the medium immediately around the 
streak of growth and the green colouration in the streak of 
growth of some isolates took on a reddish hue. At the end 
of the incubation period the agar plates typically exhibited 
a dark green or dusky red line of growth surrounded by a 
pink-purple colour which had diffused throughout the entire 
medium. In addition some of the streaks showed irridescence 
and evidence of phage activity. Needle-shaped dark green 
crystals were present in the area of growth on some of the 
plates.
The total collection of isolates comprised 98% 
fluorescent strains and 91% pyocyanine producers, with 92% 
of the fluorescent isolates being capable of producing 
pyocyanine. Only 1% of the pyocyanine producers were non- 
fluorescent. Pyocyanine production could not be demonstrated 
in 9% of the isolates but less than 1% failed to produce any 
evidence of pigmentation, lessen (1965) who studied a 
similar number of strains of Ps.aeruginosa also found that 
92% of his strains failed to produce pyocyanine and 1% were 
entirely unpigmented. The collection of isolates of 
Ps.aeruginosa from potable water showed almost exactly the 
same pigmentation properties as the isolates of Jessen (1965) 
which were for the most part derived from pathological 
specimens.
The twelfth biochemical test - the egg yolk reaction - 
revealed a positive reaction in all but two of the isolates. 
Three <pf the cultures of Ps. aeruginosa employed by Jessen
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tiybs; in his study (NCTC 6780, 8060 and 8505) were obtained 
from the National Collection of Type Cultures and testedfor' Xr
Jpy the^egg yolk reaction by the method described. All three 
NCTC strains gave a positive reaction and the Computer 
Identification Laboratory of the National Collection of Type 
Cultures showed that all their strains of Ps.aeruginosa 
produced a positive egg yolk reaction on egg yolk: agar 
(Personal Communication, 1979 - Appendix I). This was in 
contradiction to the results obtained by Jessen (1965) who 
found that all except three of his strains gave a negative 
reaction in a broth medium. Stanier et al (1966) only 
obtained a positive egg yolk reaction in egg yolk agar from 
six strains and they considered that Ps ..fTuorescens was the 
only fluorescent pseudomonad to possess this characteristic. 
Klinge & Graf (1959) found that Ps.aeruginosa was a 
powerful producer of lecithinase and Willis and Gowland
(1960) found that 15 strains of Ps.aeruginosa isolated from 
human infections produced an opalescence in egg yolk agar 
which they considered to be due to lipolysis of the 
diglyceride released from the lecithin molecule by the action 
of lecithinase C. Hobbs et al (1961) studied the lecithinase 
and lipase activities of several members of the genus 
Pseudomonas and found that all the strains of Ps.aeruginosa 
they examined produced lecithinase and lipase and gave a 
positive egg yolk reaction. Sixty of their 81. strains were 
obtained from infected human material.
The lipoprotein component of egg yolk, lecitho-vitellum, 
is considered to be responsible for the opalescence in the 
medium, and while its production is primarily due to the 
action of lecithinases, and in some instances bacterial 
toxins, lipolytic bacteria can also produce opalescence 
(Cowan & Steel, 1974). In this test the potable water 
isolates consistently produced opalescence on egg yolk agar, 
each strain being tested three times. Isolates from 
pathological material tested by Stanier et al (1966) and 
Jessen (1965) were negative but the strains of Hobbs et al
(1961), from pathological material, were all capable of 
producing opalescence. The lipolytic activity of Ps-.aeruginosa 
has been demostrated by the Tween 80 test to be a consistent 
character, and in view of the opinion that lecithinase C
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opalescence m  egg yolk agar is produced from a combination 
of the splitting of fats, the coalescence of free fats and 
the separation of insoluble protein from free lecithin 
released by the breakdown of the lecithin component (Willis'1 
& Gowland, 1962) , a further 'study of the mechanism of 
opalescence production by Ps.aeruginosa is necessary before 
any significance can be attached to the egg yolk reaction 
of the potable water isolates.
There is no doubt that the isolates from potable water 
possessed the biochemical characteristics attributed to
cAQ.r
members of the species Pseudomonas with the exception of the 
egg yolk reaction. A few of the isolates differed from the 
general pattern in respect of one characteristic but strain 
280, which was unable to produce either pigment, was the 
only isolate to exhibit deviation from more than one 
characteristic. The following deviations have to be 
considered as disagreements with the defined pattern
a) Fluorescein production absent - 7 isolates.
b) Growth at 4°C - 1 isolate.
c) The inability to denitrify - 4 isolates.
d) Lack of reduction of nitrate beyond nitrite■- 20
isolates.
e) Inability to hydrolyse arginine - 1 isolate.
f) Starch hydrolysis - 1 isolate.
Although Stanier et al (1966) and Jessen (1965) considered 
pyocyanine production to be insufficiently stable to be 
included in the species definition they both considered it 
to be species specific. If the deviate potable water isolates 
specified were excluded this would be anomalous as each of 
the deviate strains produced pyocyanine.
It was, therefore, concluded that the group of isolates 
was close to being homogenous and that, with the exception 
of the egg yolk reaction, they satisfactorily met the 
requirements of the definitions of Stanier et al (1966) 
and Jessen (1965).
3.3.2. The results of the tests for growth of the isolates 
on different carbon and energy sources
The number of isolates that showed growth on the carbon and 
energy sources is shown in Table 3.3. The majority of the 
isolates showed slight growth on the control plates of basal 
medium after 4 days incubation. Growth at this level or
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Table 3.3. The utilisation of.carbon and energy sources bv the isolates
of Pseudomonas aeruginosa obtained from the distribution system
Carbon/Enerov Source Number of Tvoical Stanier et al Strair
isolates
showincr
arowth
isolate (1966)
L-arabinose 2 _ _ +
Cellobiose 0 - - -
Fructose 343 + + +
Glucose 343 + + +
2-keto-gluconate 342 . + + +
L-rhamnose 0 - - -
D-ribose 1 - - +
Saccharate 1 - - +
Sucrose 6 - - +
Trehalose 1 - - -
D-xylose 1 - - ' +
Acetate 342 + + +
Butyrate 343 + + +
Proprionate 343 ■ + + +
Malonate 342 + + +
Succinate 343 + + +
Glycollate 1 _ _ _
DL-lactate 343 + + +
D(-) Tartrate 0 - - -
Heso Tartrate 1 - - +
Citraconate 0 _ _ _
Levullinate 343 + -r +
Mesaconate 343 + + +
Pyruvate 343 • + + +
Adonitol 1 _ _ _
2,3, butylene glycol 1 - - -
Erythritol 1 - - +
Meso-inositol 0 - - _
Propylene glycol 343 + + +
Sorbitol 1 - - +
Ethanol 343 + + +
Geraniol 326 + + +
Meta-hydroxybenzoate 2 _
Para-hydroxvbenzoate 343 + + +
D-alanine 341 + + +
L-alanine 340 + + +
DL-arginine 343 + + +
L-valine 343 + - + +
Histidine 343 + + +
Tryptamine 0 _ _ _
Betaine 343 + + -f
Pantothenate 0
232
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less on the substrate test plates was therefore interpreted 
as a negative result.
The pattern of substrate utilisation exhibited by the 
majority of the isolates is compared to the findings of 
Stanier et al (1966) in Table 3.3. and an excellent agreement 
can be seen to exist between these results. The. application 
of the 42 substrate tests to the 343 potable water isolates 
involved 14,406 tests, and in only 35 tests (0.2%) were 
isolates found to deviate from the typical pattern.
Furthermore, with the exception of isolate 232 none of the 
deviate isolates were at variance with the typical pattern 
in respect of more than one character. Strain 232 possessed 
all of the positive nutritional characteristics displayed in 
the typical pattern but in addition it was capable of 
utilising L-arabinose, D-ribose, daccharate, sucrose, D-xylose, 
meso-tartrate, erythritol and sorbitol. This particular 
strain also deviated from the biochemical pattern in that it 
was the only isolate capable of growth at 4°C. In every 
other respect, however, this isolate conformed to the 
definition of Ps.aeruginosa and in addition it produced the 
species specific pigment, pyocyanine. Strain 232 appeared, 
therefore, to have gained the ability to utilise eight 
additional substrates, five of which were carbohydrates, and 
to multiply at very low temperatures.
The collection of isolates, with one notable exception, 
provided no substantial evidence to suggest that strains of 
Ps.aeruginosa from the distribution water system vary in their 
nutritional characteristics from the strains collected from 
pathological specimens examined by Stanier et al (1966).
3.3.3. An assessment of the methods of isolation and 
confirmation used in the distribution survey
The existence of apyocyanogenic and non-fluorescent strains 
of Ps.aeruginosa is widely recognised (Gaby & Tree, 1953; 
Jessen, 1965; Wahba & Darrel, 1965; Azuma & Witter, 1970) 
and it was considered important that the isolation method used 
in the survey should not preclude the isolation of such 
strains. The most important design feature of the isolation 
medium was enhancement of pyocyanine production; it was,
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Table 3.4. The reactions of ap.vocyanogenic bacterial colonies capable 
of growth on milk agar at 41.5°C
Pattern Pyocyanine Fluorescein Casein Growth at Number of
production production hydrolysis 41t5°C colonies
1
2
3
+ +
+
+
+
+
29
1
60
therefore, necessary for the isolation of non-pigmented 
strains that a representative number of the morphologically 
different non-pigmented colonies that developed on the 
membranes were subcultured onto milk agar for confirmation.
The majority of the non-pigmented colonies failed to 
grow on milk agar at 41.5°C. Thirty of the ninety colonies 
that did grow gave either reaction 1 or 2 (Table 3.4.) and 
were considered to be Ps.aeruginosa. These strains were 
therefore included in the taxonomic study. The sixty 
strains exhibiting pattern 3 (Table 3.4.) were identified 
by the methods of Cowan & Steel (1974) to be:-
Escherichia coli 12 strains
Citrobacter freundii 14 strains .
Aeromonas hydro-phi la 34 strains
The isolation medium coupled with the milk agar confirmatory 
method facilitated the isolation of 30 apyocyanogenic isolates, 
one of which failed to produce fluorescein, and their 
reactions on milk agar were distinct from other non-pyocyanine 
producing bacteria isolated from the water supplies. It is 
of general interest to note that strains of E.coli, ^
A.hydrophila and C.freundii resistant to cetrimide, present 
in the isolation medium, existed in the water samples 
collected from the distribution system.
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4.0. The distribution of pyocine types of Pseudomonas 
aeruginosa
A variety of methods for the typing of strains of Ps.aeruginosa 
have been developed as aids to the determination of the 
ecology and epidemiology of hospital acquired infections.
The four methods most frequently employed for this purpose 
are serotyping, pyocine typing, antibiotic sensitivity and 
phage typing. It was thought that one of these methods could 
be usefully employed to expand the existing knowledge on the 
environmental distribution of Ps.aeruginosa. In the absence 
of direct evidence relating the presence of Ps.aeruginosa in 
parts of the surveyed distribution system to illness or 
infections within the community, a comparison of the 
distribution of strains in different waters with published 
data on the prevalence of different strains in pathological 
material was undertaken.
4.1. Methods
4.1.1. The choice of a method of typing appropriate to the 
study
Since the publication of the first serological method of 
typing Ps.aeruginosa by Habs (1957) a variety of serotyping 
schemes have been introduced (Sandvik, 1960; Wahba, 1965; 
Lanyi, 1966/1967 and 1970; Fisher et al,' 1969) . Attempts have 
been made to correlate these schemes (Bergan, 1973; Young 
& Moody, 1974) but a comparison of the published data on 
the distribution of serotypes is necessarily complicated 
because none of the methods has been widely employed and 
until recently no well defined set of antigens or commercial 
source of antisera were available (Brokopp et al, 1977).
At the time of this study such commercial antisera were 
unavailable in this country and the production of rabbit 
antisera to specific immunotypes would have been necessary 
before this method of typing could have- been employed.
Bacteriophage typing has been successfully used for the 
differentiation of strains of Ps.aeruginosa (Lindberg & Latta, 
1974), however, changes in bacteriophage lysis patterns makes 
results difficult to interpret (Farmer & Herman, 1969) . As
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witn serotyping a standard set of pnage is unavailable and 
published data obtained from the application of this method 
is sparse. Baltimore et al (1974) found the range of 
antibiotic sensitivity amongst strains of Ps.aeruginosa 
limited, and over a three year period they observed an 
increase in gentamycin resistance which was in their opinion 
likely to be R-factor mediated. Adler and Finland (1971) 
also found a high level of resistance to a range of antibiotics 
amongst clinical isolates of Ps.aeruginosa. In general 
antibiotic sensitivity patterns are only used in conjunction 
with another typing procedure.
The release of pyocines by strains of Ps.aeruginosa was 
first described by Jacob (1954) and the determination of the 
optimum conditions for the production and demonstration of . 
pyocines by Wahba (1963) led to the standardisation of a 
pyocine typing technique by Gillies and Govan (1966, 1969) . 
Despite the existence of several modifications of this 
pyocine typing scheme (Osman, 1965; Farmer & Herman, 1969, 
1974; Tagg & Mushin, 1971) the method of Gillies and Govan
(1966) has remained the most popular and a considerable 
volume of the literature on the distribution of pyocine 
types in the environment is based on their method. An 
international code of nomenclature for types based on the 
classification of pyocine types described by Gillies and 
Govan (1966) has now been proposed by Chadwick (1976) as 
an aid to the comparison of data from different geographical 
areas.
Each of the four typing methods has its advantages and 
its disadvantages but Bergan (1975), in a review of the 
epidemiological typing of Ps.aeruginosa, considered phage 
typing to be the most powerful method because it identified 
the greatest number of subgroups. However, this advantage 
was considered by Bergan (1975) to be offset by the low 
reproducibility of the method and he considered that 
serotyping and pyocine typing by the method of Gillies and 
Govan (1966, 1969) were suitable methods for most 
applications. The applicability of the method to the 
handling of large numbers of isolates and the availability 
of standard typing strains were considered together ;with the 
reproducibility of the method and the volume of accessible
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published data on the distribution of types in the choice 
of the most appropriate method for this study. The pyocine 
typing scheme of Gillies and Govan (1966, 1969) was selected 
on the basis of these factors to be the most suitable method.
4.1.2. The pyocine typing method
Pyocines are naturally occurring antibiotic substances 
produced by many strains of Ps.aeruginosa which are active 
only against closely related organisms, in particular other 
strains of Ps.aeruginosa (Wahba, 1963). The ability of a 
strain of Ps.aeruginosa to produce pyocines that give a 
characteristic pattern of inhibition using a standard set of 
indicator strains is the basis of this typing scheme, which 
is essentially the same as that of Gillies and Govan (1966, 
1969) .
The test procedure extends over three days, during which 
the test strain is grown on blood agar under controlled 
conditions designed to encourage the release of pyocines.
The macroscopic growth of the test strain is then removed 
from the surface of the agar and broth cultures of indicator 
strains are streaked across the agar at right angles to the 
original area of growth. After further incubation, the 
extent to which the growth cf each indicator strain has been 
inhibited is recorded and compared with standard tables of 
inhibition patterns.
Initially, Gillies and Govan (1966) employed a set of 
eight indicator strains which divided test strains into 37 
different types. Later, after the discovery that a large 
number of their test strains gave the Type 1 pattern, Govan 
and Gillies (1969) introduced a second set. of five indicator 
strains to identify eight subtypes of Type 1 strains. The 
two sets of indicator strains were kindly provided for this 
study by Professor R.R.Gillies and a standard table of 
inhibition patterns, which had been extended in number from 
37 to 105, was also supplied (Personal Communication, 1977 - 
Appendix I).
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rne r-yoing proceaure
The indicator strains and test strains were maintained on 
yeast extract agar slopes in the same way as the survey 
isolates (Section 3.2.1.). Two control strains were also 
supplied with the sets of indicators. These strains were 
known consistently to reproduce the inhibition patterns of 
Type 1 and Type 16. The indicator and control strains were 
also freeze dried and held in the culture collection at the 
laboratories.
Test isolates were typed in batches of sixty which 
included the two control strains. Sixty blood agar plates 
were prepared in glass petri dishes (95 mm diameter, 18 mm 
depth) on the first day of the test procedure. Blood was 
added aseptically to sterile, molten Tryptone Soya agar 
(Oxoid) at 45°C to give a final concentration of 5% (v/v). 
The depth of the agar in each dish was 10 mm. When set, 
plates were dried in a warm air cabinet. Twenty-four hour 
slope cultures formed the inocula and sterile swabs were 
used to streak each of the test strains diametrically across 
a blood agar plate. The width of each streak was slightly 
less than the breadth of a glass microscope slide. The 
plates were then inverted and incubated at 32 + 0.5°C in a 
thermostatically controlled fan-assisted incubator for 
exactly 14 hours.
On the second day of the test, each indicator strain 
belonging to the set in use was inoculated from a 24 hour 
slope culture into a bijoux bottle containing 4 - 5 ml of 
sterile Brain Heart Infusion broth (Difco) and incubated at 
37°C for 4 hours. The macroscopic growth of.the test strain 
was removed from the surface of each blood agar plate with 
the aid of a glass microscope slide, the edge of which was 
drawn across the agar plate, taking care to ensure that the 
surface of the agar was not scored. In order to inactivate 
remaining vegetative cells, 3 ml of chloroform (CHCl^) was 
placed in the lid of each dish and the agar plate inverted 
over the lid for 15 minutes, to allow any remaining CHCl^ to 
evaporate.
The four-hour cultures of the indicator strains were 
streaked onto the surface of the prepared blood plates at
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right angles to the area of preceding growth, using a separate 
pre-sterilised loop for each indicator, as specified in the 
templates in Figu-re 4.1. When dry the plates were inverted 
and incubated at 37°C for 14 hours.
The plates were examined for inhibition of the indicator 
strains on the third day and the inhibition pattern was 
recorded in the manner illustrated in Table 4.2. The control 
plates were examined to ensure that the control strains had 
reproduced their specific inhibition patterns. All test 
strains that revealed themselves to belong to Type 1 were 
tested with the set of five indicator strains for subdivision. 
Strains that exhibited an inhibition pattern not described by 
Govan and Gillies (1969) i.e.,. unclassifiable strains, and 
strains that failed to inhibit any of the indicator strains 
i.e. , untypable strains,, were retested. The standard table 
of inhibition patterns is provided in Appendix I j f ,
4.1.3. The isolation of test strains of Pseudomonas aeruginosa 
from different water sources
Strains of Ps.aeruginosa were isolated from three water 
sources: rivers, sewage treatment plants and a water supply
distribution system. The potable water strains were isolated 
during the survey of the Metropolitan Water Division*s 
distribution system (Section 2.0.). The river strains were 
isolated from water samples collected at licensed river 
water intakes to Water Treatment Works situated on the River 
Thames and River Lee. Samples collected from seven different 
locations within the Becton Sewage Treatment Plant, London, 
were the predominant source of the sewage isolates.
4.1.3 .1. The isolation and enumeration of Pseudomonas
aeruginosa from surface waters and sewage effluents
Methods for the enumeration of Ps.aeruginosa from sewage and 
surface waters fall into two categories, membrane filtration 
counts and most probable number estimations. In the survey 
of the distribution system a membrane filtration technique 
was successfully employed but high levels of particulate 
matter in many of the sewage and surface water samples made 
the examination of volumes greater than 1 0 ml by membrane
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Figure 4.1 The template for the inoculation of indicator strains 
in the pyocine typing method
SET OF E IGHT INDICATOR STRAINS
V.VtV.V«V,V.'»*»'.vX
'•W.V.VAVAVVtV.N
•x<<*x-x*x*x*xwx<%*xvx
SET OF F IV E  INDICATOR STRAINS
KEY “ * ““  Area of growth of test strain
^ S S iS S -x  Position of indicator strains
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.1 2 3 4 5 6 7 Q.
IN H IB IT IO N  PATTERN OF TYPE 1 (+ + + + + .  + + )
A B
INHIBITION PATTERN OF SUBTYPE 1h ( -  +
Kgy Area of growth of test strain
Position of indicator strains 
+ Inhibition
-  No inhition .
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the trapped particulate matter interfered with the 
identification of bacterial colonies. A number of trials 
comparing most probable number and membrane filtration methods 
for the isolation of Ps.aeruginosa from naturally polluted 
waters have found that recovery rates were generally higher 
with membrane filtration (Levin & Cabelli, 1972; Dutka &
Kwan, 1977). Levin and Cabelli (1972), however, did 
recognise that most probable number techniques were superior 
to membrane filtration for turbid samples.
A standard medium containing asparagine and glycerol 
formulated by Drake (1966) was compared with acetamide broth 
in two separate studies of most probable number media (Carson 
et al, 1975; Highsmith & Abshire, 1975). Carson et al (1975) 
found that the asparagine broth was superior to the acetamide 
medium for the isolation of Ps.aeruginosa from sewage and 
river water but their opinion differed from Highsmith and 
Abshire (1975) who favoured the modified acetamide broth of 
Favero et al (1971). The use of Drake*s standard medium 
in these studies was perhaps surprising in view of the fact 
that Drake (1966) recommended that for most probable number 
methods a modification of this medium containing ethanol in 
place of glycerol and proline in addition to- asparagine be 
used for the isolation of Ps.aeruginosa from sewage and 
polluted waters. Experience with the use of the ethanol 
based media of Drake (1966) and the absence of a definitive 
study on these different most probable number media led to 
the choice of a most probable number procedure based on the 
ethanol medium number 10 of Drake (1966) for this work.
Most probable number procedures are based on the addition 
of aliquots of a sample to a broth medium contained within 
tubes or bottles, and because the statistical estimation of 
bacterial numbers is enhanced when the number of replicates 
is increased, even a small sample programme generates large 
numbers of tubes and bottles to be filled, incubated and 
examined. Many of these logistic problems can be overcome 
by the use of plastic repli-dishes (Sterilin Ltd.) which 
contain 25 small, identical compartments. Each compartment 
is capable of holding one ml of medium with one ml of sample 
and therefore repli-dishes are suitable for use with decimal
V_/ J -U *JL IV V — N— < -4 1 1 1 0 . i l C ' U  0 . 0  U < 1 1 ^
ml. Samples containing Ps.aeruginosa at a level of less than 
1 per ml could not, however, be examined in this way. The 
ratio of medium to sample employed by Drake (1966) was 4:1,* 
it was, therefore, necessary to increase the concentration 
of the medium to ensure that the 1 : 1 ratio required for 
repli-dish work resulted in the same final concentration of 
media constituents. The formulation of the medium used was 
as follows:-
Modified Medium 10 (Drake, 1966) for use with repli-dishes
Asparagine 
Proline
Magnesium sulphate 
ctlPotassium sulphate- - anhydrous 
Ethanol
Distilled water
3.2 grams
1.6 grams
0.8 grams
16.0 grams
32.0 grams (40 ml)
1 0 0 0 . 0 ml
The medium was autoclaved at one atmosphere for 15 minutes 
(121°C) in 100 ml screw-cap bottles, and was removed from 
the autoclave immediately to prevent loss of ethanol from 
the medium. The examination of larger sample volumes was 
conducted by the addition of 1 0 ml samples to 10 ml medium 
or 50 ml samples to 50 ml medium in screw-cap bottles.
The test procedure
The samples were collected in sterile bottles by the method 
described in Section 2.3.1. Ten-fold dilutions of each 
sample were prepared aseptically in quarter-strength Ringers 
solution. The samples were agitated between each dilution. 
The volumes examined for each type of sample were as follows
Surface waters 5 x 50 ml 
5 x 10 ml 
5 x 1 ml 
5 x 
5 x
.-1
1 ml of a 1 0 ~ dilution
1 ml of a 1 0 dilution
Sewage 5 x 
5 x 
5 x 
5 x 
5 x
ml
ml of 
ml of 
ml of 
ml of
a
a
a
a
10
10
10
10
-1
-2
-3
-4
dilution
dilution
dilution
dilution
One ml of the medium was aseptically dispensed into each of 
the repli-dish compartments. Five one ml volumes of the
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Figure 4.3. A template for the repli-dish method of the
most probable number estimation of Pseudomonas 
aeruginosa from sewage
%
One ml aliquots of each dilution 
}
sample or sample dilution were then added to each row of the 
repli-dish (Figure 4.3.). In the case of surface waters 
50 ml and 10 ml samples were added to bottled media and . 
only three rows of the repli-dishes were used for the 
remaining sample volumes. The dishes and bottles were 
incubated in a thermostatically-controlled fan-assisted 
incubator at 38 - 39°C for 4 days. After incubation the 
samples were examined for green pigmentation and fluorescence 
under ultraviolet irradiation. Each compartment or bottle 
exhibiting pigmentation was confirmed for the presence of 
Ps.aeruginosa by the milk agar method described in Section 
2 .3.2 .3.
The number of positive replicates for each sample volume was 
recorded and from statistical tables (American Public Health 
Association, 1971) these figures were used to obtain the 
most probable number of Ps.aeruginosa per 100 ml of original 
sample. The confirmed isolates from the milk agar plates 
were purified and maintained at 4°C as described in Section
3.2.1.
1 1 1 1 1
.1
10 10”1 10“ 1 10"1 10” 1
10" 2 10 ” 2 10-2 10"2 10” 2
10 ” 3 10-3 10” 3 a o i C
O
10” 3
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4.2.1. The dis.tribution of pyocine types of Pseudomonas 
aeruginosa Isolated from pathological material 
and associated environmental sources
Gillies and Govan (1966, 1969) examined 2,396 strains of 
Ps.aeruginosa during the development of their pyocine typing 
method. The isolates originated from pathological material; 
1,945 strains from hospital, patients and 451 from patients 
in the open community (Table 4.1.). Type 1 strains accounted 
for more than one third of the total number of isolates and 
the most common subtypes were lb, lc and Id (Table 4.2.).
Type 3 was the second most common type and together Types 1 
and 3 accounted for over one half of the collection of strains.
Table 4.1. Distribution of pyocine types in 2396 strains of Pseudomonas 
aeruginosa isolated during the years 1961 -1967 from patients 
in hospital and patients in the open community 
(Gillies and Govan,1969)
Pyocine Percentage of strains belonging to stated ovocine types in 
Types patients in;-
Hospital The open community Hospital and the open community
1
3
5
10
35
29
27
16
11
9
u/t
u/c
Oth.
Total
Number
32.6
28.0
5.3
2.5 
2.1
1.6
3.3 
0.9 
2.2
2.7 
6.9 
6.2
5.7 
(17 types)
1945
34.4
18.8
7.1
3.1
2.7 
2.0 
0.9
3.8 
1.3 
0.4
10.2
3.1 
12.2
(14 types)
451
34.2
25.2
5.7
2.9
2.9 
2.1 
2.0
1.7 
1.6
1.3 
7.6 
5.5
7.3 
(24 types)
2395
Key u/t Untypable strains, pyocines not detected by indicator strains 
u/c Unclassifiable strains, solitary strains giving patterns 
other than the 37 recognised by Gillies and Govan (1969)
Oth. Recognisable pyocine types other than those listed in the 
above table
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Table 4.2. Distribution of subtypes in 795 pvocine.. type 1 strains of 
Pseudomonas aeruginosa isolated from patients in hospital 
and patients in the ooen community (Gillies and Govan,1969)
Subtypes of Percentage of strains belonging to stated pyocine subtypes 
Type 1 in patients in:-
strains Hospital The open community Hospital and open community
f
g
h
a
b
d
c
e
u/c
5.7 
29.6 
30.2 
18.1
2.7
4.4
2.4
4.8 
2.1
2.3
36.2
17.3
15.0 
1.5
12.0
2.3
6.7
6.7
5.7
30.3 
26.0
17.4 
2.6
5.7
2.9
5.9 
3.5
Total Number 662 133 795
Key u/c unclassifiable subtypes, solitary strains giving patterns 
other than the eight recognised by Gillies and Govan(1969)
The data of Govan and Gillies (1969) provided no definite 
evidence to suggest that different pyocine types were 
predominant in the hospital and domestic environments but 
subtype If was more frequently isolated from the open 
community than hospital patients.
Heckman et al (1972) compared the distribution of pyocine 
types within a collection of 1500 clinical strains of 
Ps.aeruginosa isolated from patients at a hospital in Wisconsin 
U.S.A., with the distribution observed by Gillies and Govan 
(1969) in isolates from Scottish hospitals. From their data 
(Table 4.3.) Heckman et al (1972) concluded that with the 
exception of Type 1, hospitals may differ in the patterns of 
pyocine types in their patient populations. While this may 
be the case for the relatively rare strains, the four most 
common types (Types 1, 3, 10 and 5.) were the same in both 
these studies.
A study of serogroups and pyocine types of Ps.aeruginosa 
by Bergan (1973) in Norway also showed the four most common 
types to be Types 1, 3, 10 and 5.
The classification of pyocine types.amongst 310 clinical 
strains isolated from, a hospital in Jamaica (Chitkaraet al, 
1977) showed Type 1 to be the predominant strain (51-. 6%) with 
Types 10, 6 and 19 accounting for a further 21.5%. The high 
isolation rate of Type 19 strains was considered to be due
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Table 4.3. The percentage distribution of 1500 consecutive clinical
isolates bv pyocine types (Heckman et al,1972)
Pvocine Type 1_ 10 3. 5, 31 22 27 _18 u/t u/c
Distribution
of clinical 52.1 11.0 7.4 3.0 2.0 1.2 1.0 0.9 11.6 2.3
isolates (%)
Table 4.4. Pvocine types for 486 strains of Pseudomonas- aeruginosa 
(Bergan,1973)
Pvocine Type 1 3 5 10 11 29 8 9 17 u/t
Isolates (%) 31.7 20.0 13.6 6.4 2.1 1.9 1.6 1.4 1.2 3.3
Table 4.5. Incidence of pvocine types of Pseudomonas aeruginosa isolated 
from 1432 patients in Victoria. New South Wales and Singapore 
(Tagg and Mushin,1971)
Pvocine Tyne i: 3 lO- 31 22 . 5' 35 u^t u/c
Isolates (%)
Victoria 30 21 ll 6 3 4 2 9 9
New South 
Wales 37 16 23 1 5 2 1 6 5
Singapore 47 10 17 4 2 0 0 10 5
Key u/t Untypable strains, pyocines not detected by indicator strains 
u/c Unclassifiable strains, solitary strains giving patterns 
other than the 37 recognised by Gillies and Govan (1969)
to an incident of cross-infection in an intensive care unit. 
Chitkara et al (1977) found -that the most common subtype 
of their Type 1 strains was la (70.6%), with lc accounting 
for a further 26.2%. They concluded that while Type 1 was 
encountered everywhere the distribution of the subtypes of 
Type 1 was affected by geographical areas and differed 
between communities.
Tagg and Mushin (1971) compared the distribution of 
pyocine types amongst clinical isolates of Ps.aeruginosa 
collected from hospitals in Victoria and New South Wales, 
Australia, and Singapore. The results (Table 4.5.) show 
that Types 1, 3 and 10 were the predominant types in all 
three hospitals.
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Further information on the distribution of pyocine types 
was presented by Singh and Chitkara (1976) in a-study of 
1005 strains of Ps.aeruginosa collected from various clinical 
specimens within a hospital in India. Type 1 strains 
predominated (46 .0%) with Types 10, 31» 37 and 5 accounting for 
a further 32.3% of the isolates studied. Subtype lb was 
the most common subtype (42.1%) with la and lc each accounting 
for a further 16.9%. Singh and Chitkara (1976) concluded 
that the distribution of subtypes of Type 1 strains varied 
according to geographical areas.
There seems, therefore, little doubt that the most common 
pyocine type responsible for infections of man in both the 
hospital environment and the open community is Type 1. The 
subdivision of this type has led to the identification of 
eight subtypes and evidence has been put forward to suggest 
that the distribution of these subtypes varies from hospital 
to hospital and from country to country. Other pyocine types 
that regularly occurred in clinical material were Types 3,
5 and 10.
In contrast to the wealth of data on the distribution 
of pyocine types of human origin, few studies have been made 
of the distribution of pyocine types amongst other sources.
The high incidence of bovine mastitis in cattle in Israel 
caused by infection with Ps.aeruginosa led to a study of the 
distribution of pyocine types on farms and in slaughterhouses 
by Mushin and Ziv (1973b) . The data -collected in. this study 
are summarised in Table 4.6. A high incidence.of pyocine Type^ 
1 was found in infected bovine udders (80.1%) and comparable 
data was also obtained from cattle in a slaughterhouse. The 
most common type isolated from laboratory mice and a chick 
hatchery was also Type 1. Mushin and Ziv (1973b) concluded 
that although the high incidence of Type 1 in bovine mastitis 
is a reflection of its common occurrence in the environment, 
the exceptionally high isolation rate must indicate a certain 
degree of selectivity. As with the studies of human isolates 
the predominant subtype of Type 1 varied according to the 
source of the isolates - lh being the most common subtype 
associated with bovine mastitis. Nine strains of Ps.aeruginosa 
isolated from water supplies to farms were found to belong 
to Types 1 and 10, with three being untypable.
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Table 4.7. Pyocine tv~pes of Pseudomonas aeruginosa strains isolated 
from the Szeged municipal vater supply (Csiszar and 
Lanyi,1970)
Pyocine Type Number of strains
3 93
u/c 1
10v 1
ldT 1
3 ▼ 1
u/c T 1
Key ▼ Strains not associated with the pollution incident 
u/c Unclassifiable strains
A collection of 1043 strains of Ps.aeruginosa consisting 
of 422 faecal strains, 403 strains of human origin and 216 
water and sewage isolates were pyocine typed in a study in 
Hungary (Csiszar & Lanyi, 1970). Thirty-two of the thirty- 
seven types described by Govan and Gillies (1969) were 
encountered in this collection but the most frequent was 
Type 1 (28.7%) with subtype lc being the most prevalent 
subtype (11.9%). The other common types were Type 3 (20.1%) 
Type 10 (14.8%) and Type 5 (5.5%). Ninety-eight strains 
isolated from Szeged municipal water system were of particular 
interest (Table 4.7.) and with one exception all 94 strains 
associated with one particular incident of pollution in the 
system belonged to Type 3.
These two studies (Csiszar & Lanyi, 1970; Mushin & Ziv, 
1973b) demonstrated that as with clinical isolates of human 
origin pyocine Type 1 is the most common strain encountered 
amongst animal populations. Furthermore, isolates of 
Ps.aeruginosa collected from farm and municipal water supplies 
belonged to common pyocine types - Types 1, 3 and 10.
The employment of the basic set of eight indicator 
strains of Gillies and Govan (1966) in studies of the 
distribution patterns of isolates of Ps.aeruginosa has 
revealed that Type 1 strains account for between 28 - 80% 
of strains. These results have led to the conclusion that 
this type is universally common; however, the introduction 
of a set of five indicators for the subdivision of these 
strains (Govan & Gillies, 1969) has shown that Type 1 strains 
are in fact a heterogenous collection of at least eight
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subtypes. The distribution pattern of these subtypes 
appears to vary according to the country of origin and 
the source of the strains, and it has been suggested that 
some degree of selection may account for the high isolation 
rate of Type 1 strains from infected bovine udders (Mushin 
& Ziv, 1973b). Although-a direct comparison of the 
pathogenicity of various subtypes with their distribution 
patterns has not been made, it is of interest to note from 
the above mentioned studies that while subtypes la, lb, 1c,
Id and Ih have been isolated in significant numbers from 
pathological specimens, subtypes le, If and lg occur 
infrequently.
The persistence of a particular strain of Ps.aeruginosa 
in a large general hospital in Scotland over a period of 
eight years was observed by Tinne (1977). The strain 
belonged to pyocine Type 10 which was present in only 3% o f  
strains isolated in the local community, Types 1 and 3 
being more common. Subtyping of the strains of Type 10 
isolated from patients in the hospital and the inanimate 
environment revealed that the strain responsible for the two 
major fatal outbreaks of infection within the hospital during 
the eight year period belonged to a specific subtype that 
was found only in the patients and their associated 
respiratory equipment. Other Type 10 strains isolated 
within the hospital were not of the same subtype. Tinne 
(1977) concluded that this strain was exceptionally virulent 
and that its pyocine type was strikingly individualistic. 
Other workers (Chadwick, 1976; Chitkara et al, 1977) 
have suggested that subtyping of other common pyocine types 
apart from Type 1 would provide more information on the 
distribution of these pyocine types, and Chitkara and French 
(1977), who applied this idea to common hospital strains, 
concluded that many of the pyocine subtypes present in the 
hospital environment did not occur in clinical specimens.
It would seem, therefore, that notably virulent strains 
within the hospital environment that belong to common pyocine 
types can often be identified by their characteristic 
subtype patterns. Bergan (1975) did not consider., however, 
that biological properties such as pathogenicity and 
antibiotic sensitivity were concordant with pyocine types.
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The conclusion that the most common pyocine type is 
Type 1 can be challenged if each subtype of Type 1 is afforded 
the same status as the other types. In the data of Govan 
and Gillies (1969) Type 3 would thus became the most common
type (28%), with types la and lc accounting for 10% each.
The data of Mushin and Ziv (1973b) also shows that subtypes 
of Type 1 are not the most common strains from all sources. 
Insufficient data on the subdivision of other pyocine types 
makes it difficult to assess the validity of this 
interpretation of pyocine types.
4.2.2. The presence of Pseudomonas aeruginosa in surface 
waters and sewage
The most probable number procedure was used to estimate the 
level of Ps.aeruginosa in a number of different water 
sources throughout the months of October, November and 
December 1977. The results are given in Table 4.8. The 
most probable number estimates for River Lee water never 
exceeded 24 per 100 ml, (the 95% confidence limits for this 
estimate being 8 at the lower end and 75 at the upper end) 
and only two samples of partially-treated River Lee water 
contained Ps.aeruginosa. The results for River Thames 
samples collected at Walton intake were similar to the 
River Lee samples but higher levels, up to 54 per 100 ml 
(95% confidence limits 18 - 140) were present in River 
Thames samples collected from Kew. The presence of a 
nearby sewage works upstream of the Kew sampling point 
may have accounted for the higher levels of Ps.aeruginosa 
at this point.
Samples were collected from seven points within Becton 
Sewage Treatment Plant ■(Figure 4,4.) .during June and July 1978 
and again during February and March 1979. The most probable 
number procedure was used to assess levels of Ps.aeruginosa 
in these samples and the results are expressed in Table 
4.9. The percentage reduction in numbers of Ps.aeruginosa 
between raw sewage and the final effluent was 99.9% in 
summer and 99.2% in winter. In general the level of 
Ps .aeruginosa was higher in the summer than winter and the 
numbers entering the River Thames increased by a factor of
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Table 4.8. The level of Pseudomonas aeruginosa in several, different
water sources between the months of October and December 1977
Water source Number of Host Probable Number, of Pseudomonas aerucrinosa
samples Ranae Minimum Maximum (per 100 ml)
River Lee
New Gauge 30 <1 24
Girling 30 <1 24
Coppermills
Primary’' 40 <1 1
Secondary** 40 <1 1
River Thames
Walton 30 <1 11
Kew 30 10- 54
Well Water*** 
Untreated 40 <1 30
Treated 40 <1 <1
Key * River Lee water after storage and primary filtration
** River Lee water after storage, primary and secondary filtration 
*** Samples collected from Broxboume, Wanstead and Rye Common wells
ten in the summer.
Hoadley (1977) in a review of the current data available 
on the presence of Ps.aeruginosa in surface waters and sewage 
concluded that although the organism was generally considered 
to be a ubiquitous inhabitant of surface waters, it appeared 
to enter these environments primarily from faecal material.
Domestic sewage was cited as the major source of Ps.aeruginosa
, , 5
m  surface waters with numbers m  excess of 10 per 1 0 0 ml
in raw sewage being common. Drake (1966) and Hoadley (1968) 
both demonstrated a 99% reduction in the numbers of 
Ps .aeruginosa in sewage with 17 and 35 per ml respectively 
in final effluents but samples of sewage held under aerobic 
conditions in the laboratory have shown increases from 1 0 0  
to 3000 per ml in the Ps.aeruginosa population (Hoadley, 1968). 
Hoadley (1977) cited domestic animals, municipal areas, 
barnyard run-off, industrial cooling waters and soil as minor 
sources of Ps.aeruginosa pollution. Populations of 
Ps.aeruginosa were found to decrease rapidly with distance 
downstream of sewage outfalls, the viable population 
decreasing by over 90% in three hours (Hoadley, 1968).
Ps.aeruginosa in excess of 100 per 100 ml was considered by 
Hoadley (1977) to indicate recent contamination by sewage 
or municipal drainage water while low populations of less
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than 1 0 0 per 1 0 0 ml most probably represented the proximity 
of some "human activity”. The results obtained in this 
study concur with published data in respect of numbers 
present in raw sewage and final effluents and also in the 
increased levels of Ps.aeruginosa in surface water close to 
a sewage outfall. The very low level of Ps .aeruginosa in the 
three surface water sample locations remote from sewage 
outfalls lends weight to the opinion that Ps.aeruginosa 
declines rapidly in surface waters. Organically enriched 
surface waters at temperatures in excess of 30°C have been 
shown to support the growth of Ps.aeruginosa (Hoadley, 1977) 
but the surface waters examined in this study were clearly 
unable to sustain growth of Ps.aeruginosa.
4.2.3. The distribution of pvocine types among the strains 
of Pseudomonas aeruginosa isolated from surface 
waters, sewage and potable water
The control strains P^ and pyocine typed with each
batch of Ps.aeruginosa isolates, correctly reproduced the 
inhibition patterns for pyocine Type 1 and Type 16 on each 
occasion. It was concluded from these results that the 
indicator strains showed no adverse changes in character and 
had been correctly employed. Govan and Gillies (1969) 
assigned a number to each inhibition pattern that they 
recognised and strains that exhibited a recognised inhibition
pattern were referred to by this Type number
■j 234567 0 .
e.g., +++++_++ = Type 1. The distribution of pyocine types
amongst the strains of Ps.aeruginosa isolated in this study
is described in terms of these Type numbers in Tables 4.10.,
4.11., 4.12., 4.13., 4.14. and 4.15.
The collection of strains of Ps.aeruginosa isolated from 
the water supply distribution system in the survey described 
in Section 2.0. encompassed 21 recognised pyocine types and 
4 unclassified types (Table 4.10.). 57.0% of the strains
were equally divided between Types 1 and 3 with a further nine 
types comprising 32.7% of the strains. Each of the remaining 
ten recognised types was represented by less, than 1% of the 
collection. The 95 Type 1 strains were subdivided into six 
subtypes (Table 4.11.) the most common being If. Subtypes 
Id and lg were not encountered in this collection of strains
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Table 4.10. The distribution of pvocine types amongst the Isolates of
Pseudomonas aerucrinosa collected from the distribution system
Pyocine Tyne Number of.. isolates Pereentaae:of isolates
1 95 28.5
3 95 28.5
30 33 9.9
5 20 6.0
10 12 3.6
31 12 3.6
11 9 2.7
9 ' 7 2.1
47 7 2.1
29 5 1.5
22 4 1.2
46 2 -tfl.O '
2
7
18
19 1
26 1
54 1
55
62
69 1
Unclassifiable 5 2.1
Untypable 18 5.4
Total 338
Table 4.11. The distribution of subtyoes of ovocine tyoe 1 isolates
collected from the distribution system
Subtyoe Number of isolates Percentaae of isolates
a 8 8.4
b 6 6.3
c 17 17.9
d 0 0.0
e 10 11.6
f 40 42.1
g 0 0.0
h 14 14.7
Total 95
from the distribution system.
A collection of 280 strains of Ps.aeruginosa isolated 
from Becton Sewage Treatment Plant included 29 recognised 
types and 4 unclassified types (Table 4.12.). Type 1 strains 
accounted for 40.7% of the collection with 22.9% belonging 
to Type 3 and 14.0% to another seven types. Each of the 
remaining 20 types was only represented by one of two.strains 
The 114 Type 1 strains belonged to seven recognised subtypes 
and 1 unclassified subtype. The most frequently encountered
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Table 4.12. The distribution of pyocine types, amongst the isolates of
Pseudomonas aeruainosa collected from sewaae
Pyocine Tyne Number of isolates Percentaae of isolates
1 114 40.7
3 64 22.9
11 10 3.6
5 9 3.2
10 7 2.5
6 4 1.4
15. 3 1.1
16 3 1.1
27 3 1.1
2 2 <1.0
7 1
8 1
17 2
18 2
19 1
22 2
24 1
25 1
31 2
33 1
35 1
43 1 *
44 1
46 1
55 1
62 2
97 1
99 1
105 2
Unclassifiable 6 2.1
Untypable 30 10.7
Total 280
Table 4.13. The distribution of subtypes of pyocine type 1 isolates
Subtype
collected from sewaae
Number of isolates Percentaae of isolates
a 3 2.6
b 24 21.1.
c 17 14.9
d 7 6.1
e 9 7.9
f 0 0.0
g 9 7.9
h 43 37.7
Unclassifiable 2 
Total 114
subtype was lh (37.7%) with subtypes lb and lc accounting for 
another 36.0% of the Type 1 strains. None of the strains 
produced the inhibition pattern of subtype If.
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Table 4.14. The distribution of pyocine tvpes amongst the isolates
of Pseudomonas aeruainosa from surface waters
Pvocine Tree Number of isolates Percentaae of isolates
1 75 36.1
3 42 20.2
11 28 13.5
5 22 10.6
10 5 2.4
29 3 1.4
6 2 1.0
8 2 1.0
26 2 1.0
64 2 1.0
105 2 1.0
17 <1.0
25 1
27 1
30 1
31 1
35
60
62
63 1
65
68
84 1
85 1
Unclassifiable 3 1.9
Untypable 7 3.4
Total 208
Table 4.15. The distribution of subtrees of orocine tree 1 isolates
collected from surface waters
Subtvne Number of isolates Percentaae of isolates
a 0 0.0
b 12 16.0
c 34 45.3
d 1 1.3
e 10 13.3
f 0 0.0
g 12 16.0
h 6 8.0
Total 25
Isolates .of Ps. aeruginosa. numbering 20.8 collected 
from the River Thames and River Lee encompassed 24 recognised 
types and two unclassified types (Table 4.14.). Eleven 
types accounted for 89.2% of the collection with 36.1% of the 
strains belonging to Type 1, 20.2% Type 3 and 32-.9% the 
remaining nine types. Thirteen other types were represented 
by one strain in the collection. The 75 Type 1 strains 
were identified as belonging to six subtypes with 45.3%
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falling into subtype 1c (Table 4.15.). Subtypes la and If 
were not encountered in surface waters.
Rega.rdless of source,, the most common ..pyocine type 
isolated from water was Type 1. whilst Type 3 strains accounted 
for a considerable proportion of the remainder. The ratio 
of Type 1 strains to Type 3 strains in surface waters and 
sewage was identical 1 . 8 I 1 , but in the collection of 
isolates from the potable water distribution system, this 
ratio was only 1 si, indicating a higher incidence of Type 
3 strains in treated water. Types 11, 5 and 10 appeared as 
the third, fourth and fifth most common strains in both 
sewage and surface waters, but although these three types 
also occurred in the distribution system, Type 30 was more 
common (9.9%), and Type 31 appeared as often as Types 10 
and 11. Types 30 and 31 accounted for only four of the 
strains isolated from sewage and surface water.- A greater 
range of types was found in sewage than surface water or 
treated water, in spite of the fact that there were 58 fewer 
isolates from sewage than from treated water.
The subdivision of the Type 1 strains revealed further 
differences between the distribution of pyocine types in 
treated and untreated water. One subtype accounted for 
over one third of the Type 1 strains from each water source 
but in each case the predominant subtype was different.
More significantly subtype If, which was the most common 
subtype isolated from the distribution system, was never 
isolated from either sewage or surface water and subtypes 
Id and lg, which were isolated from sewage and surface water, 
never occurred in the distribution .system.
The results in Table 4.16. show that if subtypes of 
Type 1 are considered as distinct pyocine types, the most 
commonly encountered pyocine types in each water source was 
Type 3. A similar result was observed with the data from 
pathological specimens described in Section 4.2.1. Subtypes 
lc and lh common in sewage and surface waters were among the 
subtypes frequently isolated from clinical material, while 
subtype If predominant in treated water, was absent .from 
sewage and surface waters and rarely isolated from pathological
- 122 -
Table 4.16. The distribution of the common pyocine types isolated from
different water sources based on a classification that 
affords the same status between Type 1 subtypes and other 
pyocine types
Pyocine Type Percentaae of strains isolated from different water sources 
Distribution system Surface waters Sewage
3 28.5 20.2 22.9
If 11.8 - -
30 9.9 <1.0 -
5 6.0' 10.6 3.2
lc 5.0 16.4 6.1
lh 4.1 2.9 15.4
10 3.6 2.4 2.5
31 3.6 <1.0 <1.0
le 3.0 4.8 3.2
11 2.7 13.5 3.6
la 2.4 - 1.1
Key — No strains of this type isolated
♦
material. Like-wise Type 30 is almost as common as If in 
treated water, but absent from sewage and rare in surface 
water. The presence of Ps.aeruginosa in surface waters has 
been attributed for the most part to contamination with 
sewage, which contains a high proportion of strains derived 
from human faecal material, and the presence of subtypes 
common to human pathological material in sewage and surface 
waters supports this opinion. The high incidence of subtype . 
If in treated waters,.rare in pathological material and 
sewage, may, therefore, indicate that strains of Ps.aeruginosa 
in potable water do not originate from faecal pollution. This 
tends to support the results of the survey of the distribution 
system which showed that the faecal indicator E .coli and 
Ps.aeruginosa rarely occurred together in samples collected 
from the system.
Despite this difference in the distribution of subtypes 
of Type 1 strains.using this basis of classification, the 
Type 3 stains predominated in all the sources; 28.0% in the
distribution system and pathological material, 22.9% sewage 
and 20.2% in surface waters. Subtyping of Type 3 strains 
was therefore undertaken because it was thought that this 
would lead to further understanding of the distribution of 
pyocine types. The results of subtyping the Type 3 -isolates 
collected from water are given in Table 4.17. The subtyping 
of Type 3 strains using the subtype indicator strains of 
Govan and Gillies (1969) has not previously been reported so
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Table 4.17. The distribution of subtypes amongst the Type 3 isolates
of Pseudomonas aeruginosa collected from three water sources
Pyocine subtype Number of strains isola±.ed from different, waters 
Inhibition pattern Distribution system Sewage Surface waters
A B C D E
-  + +
+ + +
_  + +
+
+
90
1
2
2
59
2
3.
0
39
1
2
0+ + +
Total 95 54 42
no comparative data were available for the purposes of this 
exercise. It can be seen from Table 4.17. that four subypes 
were encountered in water and that one subtype represented 
the majority of the strains. It could be argued that these 
indicator strains were selected for their applicability 
to subtyping only Type 1 strains and would therefore be 
unlikely to differentiate subtypes of other types but 
Chitkara et al (1977) and Chadwick (1976) found that 
these indicator strains differentiated successfully between 
subtypes of other pyocine types such as Type 10.
The finding that Type 3 strains almost always belonged 
to the same subtype provides further evidence to suggest 
that this strain of Ps.aeruginosa is the most common strain 
encountered in water, and further supports the idea that 
subtypes of the common pyocine types should be afforded 
the same status as the other pyocine types when considering 
distribution patterns of isolates of Ps.aeruginosa.
Two other factors involved in pyocine typing, the 
occurrence of untypable and unclassifiable strains, were 
investigated in this study. Strains that fail to inhibit 
any of the basic set of eight indicator strains have been 
encountered in every pyocine typing study and typability 
of strains of Ps.aeruginosa by the method of Govan and 
Gillies (1969) is described by the data presented in Table 
4.18. Non-typability has been attributed to mucoid strains 
of Ps.aeruginosa and induction of pyocine with mitomycin-C 
has been proposed by Williams and Govan (1973) . The stability 
of pyocine production using this method has, however, been
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Table 4.18. The pyocine typable strains recorded from 
existing studies
Report Percentage- of.typable strains
Bodey (1970)
Booth (1959)
Mushin and Ziv (1973) 
Gillies and Govan (1966) 
Heckman et al (1972)
Ziv et al (1971)
Csiszar and Lanyi (1970) 
Govan and Gillies (1969) 
Chitkara et al (1977)
Tagg and Mushin (1971) 
Mushin and Ziv (1973a) 
Greible et al (1970) 
Deighton et al (1971) 
Bergan (1973)
Merrikin and Terry (1972) 
Mushin and Ziv (1973b)
69
88
88
88
89
90
91
92
93
94
95
96
97
97
98 
98
questioned:. (Bergan, 1975). The percentage of typable strains 
of Ps.aeruginosa in this study was 93% which falls in the 
middle of the reported range of typability. The typablility 
of strains varied slightly with source (89% sewage, 95% 
distribution system and 97% surface waters) but there was no 
substantial evidence to suggest that untypable strains were 
more or less frequent in water than in pathological material.
The inhibition patterns of the unclassifiable strains 
isolated in this study are shown in Table 4.19. The number 
of recognised pyocine types has increased from 37 to 105 
(Personal Communication, 1977 - Appendix I) but even with 
this extended list of types some different inhibition patterns 
were encountered in this study. Govan and Gillies (1969) 
gave recognition to a type only when it had been isolated 
on several separate occasions. None of the unclassifiable 
strains isolated from water were common, three being the 
maximum number of strains of any one unclassifiable type. 
Chitkara et al (1977) found six unrecognised patterns, but 
three of these belong to the Types 49, 50 and 92 recently 
added to the original list of 37 types. Two of their 
remaining patterns, however, conform to the inhibition 
patterns A and E (Table 4.19.) that were isolated from the 
distribution system and surface water respectively. The 
isolation of strains giving these patterns in two separate 
studies conducted in different parts of the world and isolated
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Table 4.19. The inhibition patterns of the unclassifiable strains
of Pseudomonas aeruginosa
Tyne Indicator strains Number of isolates from each source
1 2 3 4 5 6 7 8 Sewaae Distribution system Surface
A + + + + + _ 2
B + + + + _ + + _ 2 1
C _ _ + + + + _ _ 1
D _ _ + + _ + + _ 1
E + + _ _ _ — + 1
F - - - + + — - _ 1 2
G + _ _ — — + _ _ 2
H + + + + - - + - 1
Total 6_ 5 3
from different environments suggests that these inhibition 
patterns should be included in the list of recognised 
pyocine types. The remaining unclassifiable strains have 
not been reported by other workers and in view of the limited 
number of strains isolated that exhibited these patterns new 
pyocine types for these strains cannot be justified.
The application of the pyocine.typing method of.Gillies 
and Govan (1966; 1969) has proved to be a useful tool for 
the subdivision of strains of Ps.aeruginosa from different 
water sources. A comparison of the distribution of pyocine 
types between both water sources and with published data on 
pathological isolates revealed that while Types 1 and 3 were 
the most frequently encountered strains from each source, 
several types uncommon in pathological, sewage and surface 
waters were isolated frequently from the distribution system. 
Furthermore, subtype If, common in treated water, was rare 
in clinical specimens and did not occur at all in sewage 
or surface waters. Subtyping of Type 1 and 3 strains lent 
support to the proposal that subtypes should be afforded the 
same status as the other pyocine types when comparisons 
were drawn between distribution patterns of isolates from 
different .sources... This method of comparison overcomes 
a major critisism of pyocine typing, namely that a large 
number of strains fit into a relatively small number of types 
(Bergan, 1977). Subtyping of Type 3 strains revealed that 
the majority of the strains fell into one subtype and 
reinforced the observations made from comparing the data on
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the single status basis, that Type 3 was the most common 
strain isolated from each source. It seemed, therefore, 
that independent of the method of assessment, the origin 
of the isolates of Ps. aeruginosa ~wa~s:not reflected by the 
predominant pyocine type. It did, however, appear from the 
observation that certain pyocine types, namely Types 30, 31 
and subtype If, were more frequent in the distribution system 
than pathological material, sewage and surface waters that 
these strains of Ps.aeruginosa originated from a source 
unrelated to "human activity" and furthermore that they 
were better adapted to either growth or survival within 
the distribution system. The question of biological 
differences, as described above, between different types 
was unanswered by a review on epidemiolgical typing of 
Ps.aeruginosa made by Bergan (1975). A range of laboratory 
experiments was, therefore, designed to assess the ability 
of different strains of Ps.aeruginosa to multiply in 
treated waters and to survive normal levels of chlorination 
found in the distribution system. It was hoped that the 
results of these experiments would clarify and expand 
upon the results of the surveys described in Sections 2.0. 
and 4.0.
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s . u. a . lanara-tory study Qf some as.pec.ts o£ the. growth and
survival of Pseudomonas aeruginosa in potable water
The analysis of the data collected in the survey of the 
distribution system provided evidence to suggest that 
Ps.aeruginosa, and to a lesser extent some other bacteria such 
as coliform organisms, were capable of multiplication in 
water within the distribution system. Further support for 
this theory was derived from the comparison of the distribution 
of pyocine types of Ps.aeruginosa, which revealed that 
certain pyocine types were more frequently isolated from the 
distribution system than from pathological material, sewage 
and surface waters, and indicated that some strains of 
Ps.aeruginosa may be adapted for growth in water. In order 
to test the hypothesis that Ps.aeruginosa is capable of 
multiplication in tap water from the distribution system 
a series of laboratory experiments was designed to study 
the ability of Ps.aeruginosa to multiply and survive in 
potable water. These experiments were carried out using 
several different pyocine types of Ps.aeruginosa isolated 
from the distribution system.
The literature contains a number of isolated references 
which describe the growth of Ps.aeruginosa in tap water in 
contact with rubbers, plastics and a range of other different 
chemicals, but the ability of Ps.aeruginosa to multiply on 
materials held in contact with potable water does not appear 
to have been recognised prior to the recent work of
Burman and Colbourne*(1976, 1977, 1979) and Colbourne and
* ,
Brown (1979). The techniques for the assessment of the
growth of microorganisms on materials in contact with potable 
water described by Burman and Colbourne (1977) were therefore 
used in this study to examine the range of materials capable 
of supporting the growth of Ps .aeruginosa in notable water .
It is apparent from the literature review that some 
authors consider Ps.aeruginosa to be more resistant to chlorine- 
than other Gram negative bacteria, such as. E .coli. In view 
of the fact that chlorination is widely used as a method of 
controlling bacterial populations in water supplies a 
comparative study of the resistance of Ps.aeruginosa and 
E.coli to low levels of chlorine was undertaken.
*Papers bound into thesis - Appendix II
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5 .1.. The growth and survival of Pseudomonas aeruginosa - a 
review of the literature
The resistance of Ps.aeruginosa to concentrations of anti­
bacterial chemicals which other bacteria are unable to 
tolerate has led to a certain degree of notoriety for this 
organism. Survival for extended periods of time under a 
variety of different conditions and an ability to multiply 
on simple substrates are also features that appear to 
distinguish Ps.aeruginosa from most other bacteria (Richards, 
1975) . This review focuses on the existing knowledge about 
two of the features of Ps.aeruginosa; its ability to multiply 
in water and on materials, commonly those used in the 
construction of water systems such as rubbers and plastics.
5.1.1. The growth of .Pseudomonas.-aeruginosa.-on.-plastics and
elastomers commonly used in contact with potable water
The microbial deterioration of rubbers and plastics was not 
widely recognised until the Second World War when large 
quantities of equipment were deployed to tropical areas of 
the world. The prevailing conditions of high temperature 
and humidity favoured microbial growth with the result that 
wide scale deterioration of plastic and rubber components 
occurred (Heap, 1965) . Microbial deterioration of materials 
can manifest itself in a number of different ways; physical 
appearance of the microorganism rendering the material 
unusable, decomposition of the material by microbial enzymes 
altering the physical properties of the material and the 
production of undesirable products during microbial attack. 
Heap (1965) cited a number of examples of these types of 
deterioration including the loss of insulating properties, 
tensile strength and flexibility of rubber, and the 
discolouration of the surface of several plastics. In her 
extensive review Heap (1965) showed that deterioration could 
be brought about by the attack on either the base polymer or 
the processing ingredients incorporated into most rubbers 
and plastics. Utilisation of base polymers seemed to be 
restricted to fungi and actinomycetes but one of the- bacterial 
species commonly cited as the agent responsible for the 
deterioration of additives, such as plasticisers, was
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Ps.aeruginosa.
The association between Ps.aeruginosa and plastics 
degradation was first reported in 1949 and since then it 
has become popular to employ Ps.aeruginosa as a test organism 
for the measurement of attack on polyvinylchlorides by 
microorganisms (Burgess & Darby, 1965) . The susceptibility 
of polyvinylchloride to attack by Ps.aeruginosa seems to 
have arisen as a result of the development in the 1950*s of 
thin plastic flexible coatings and films. These films 
were made possible by the compounding of vinyl resins with 
plasticisers, usually high-molecular weight esters. Stahl 
and Pessen (1953) compared the abilities of Ps.aeruginosa 
and Aspergillus versicolor to degrade a wide range of 
plasticisers and they considered Ps.aeruginosa to be a 
typical "plasticiser degrading" bacterium. Booth and Robb 
(1968) stated that bacterial attack of polyvinylchloride 
occurred in temperate regions as well as tropical areas and 
that ingredients such as plasticisers rather than the base 
polymers were the susceptible components of materials.
Elastomers are often reinforced by fillers, and 
paraffin oil-carbon black mixtures used for this purpose 
were found to play an important role in the deterioration of 
filled vulcanizates: (Zyska et al, 1973). The ability of 
Ps.aeruginosa to utilise n-alkanes as sole carbon and energy 
sources has been recognised and Eyk and Bartels (1968) 
employed cultures of Ps.aeruginosa in their study of the 
induction of paraffin oxidation.
Numerous studies of the biochemical pathways involved 
in the breakdown of specific hydrocarbons by Ps.aeruginosa 
now exist (Thijsse & Zwilling' de Vries,. 1959; Thijsse & 
van der Linden, 1963; Huybregtse & van der Linden 1964; 
Clarke & Ornston, 1975) but little of this work can be easily 
applied to the understanding of the growth of Ps.aeruginosa 
on commercially produced plastics and elastomers because 
the process of manufacture and the range of raw ingredients 
employed leads to a fundamental difficulty in interpreting 
the exact mechanism of growth. It is also clear that in 
addition to the chemical composition of ingredients such as 
lubricants and fillers, factors such as the pH and organic 
contamination of ingredients lead to a variable response’of
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the final product to microbial attack (Pankhurst & Davies,
1968) . The subject of the assessment of biodegradability of 
materials is much debated in the literature and the 
simultaneous action of chemical, physical and biotic agents 
makes natural degradation of materials a complex phenomenom 
to evaluate (Hueck, 1974) .
The significance of the biodegradability of materials 
on water pollution was stressed in a Department of Environment 
Report (1972) and the microbial attack by Streotomvces spp 
of natural rubber gaskets used in water distribution systems 
was demonstrated by Leeflang (1963) and Rook (1955). Several 
instances of the physical deterioration of polyurethane and 
polysulphide jointing sealants used in underground service 
reservoirs within the Metropolitan Water Board area have 
occurred as a result of the action of fungi (Report, 1970) 
and Burman and Colbourne (1979) stated that deterioration of 
this nature, could occur without producing a significant effect 
on water quality. Although long term biodegradation of 
materials is a problem of concern to water scientists and 
engineers, the growth of microorganisms, unrelated to 
biodegradation, on materials used withing water distribution 
systems seems to have had a greater impact on the water 
industry.
One of the first references to a material causing a 
deterioration of water quality was that of Houston (Report, 
1916) who showed that leather washers supported the growth 
of a strain of coliform bacteria. The growth of fungi on 
leather washers has also been cited as the cause of mouldy 
tastes in water (Report, 1970). Jute yarn used as a caulking 
material for -lead joints in mains and in pumps and valve 
gland packings was another early material found to be capable 
of supporting the growth of coliform bacteria in potable 
water (Report, 1948) along with lubricating and cutting oils 
(Report.^ 1956, 1958) . The recognition of the growth of 
bacteria and fungi on materials at levels capable of 
producing significant deterioration in water quality, in the 
form of unacceptable tastes, odours and turbidity, led to 
the publication in 1958 of a testing scheme for materials 
at the Metropolitan Water Board. The first method of this 
kind was published by Calvert (1939) and his basic test
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procedure formed the framework of the Metropolitan Water 
Board method.
An association between the growth of fungi and 
actinomycetes on plumbing materials and the detection of 
mouldy tastes in water in internal plumbing systems was 
observed by Burman (Report, 1968) and in 197.1 a comprehensive 
microbiological test procedure for assessing growth on 
materials that included these organisms was introduced at 
the Metropolitan Water Board (Report, 1973). In addition 
to coliforms, fungi and actinomycetes, this test procedure 
introduced for the first time an examination for the growth 
of green fluorescent pseudomonads. The method did not, 
however, distinguish between the different species of the 
fluorescent pseudomonads and in view of the fact that fewer 
materials were capable of supporting the growth of 
pseudomonads (11%) than coliforms (18%), these organisms 
were not considered to be particularly significant.
As the number and nature of the samples evaluated by 
this procedure increased the appearance of Ps.aeruginosa 
as the single most significant species of bacterium growing 
on the materials tested was observed by the author (Burman 
&viColbourne, 1977). One quarter of all the materials examined 
were capable of supporting the growth of Ps.aeruginosa; a 
fact which was realised only with the introduction of a 
specific method of examination for this organism. The test 
procedure described by Burman and Colbourne (1977) which 
includes a test for Ps.aeruginosa is currently used by the 
National Water Council as one of the methods of assessing 
non-metallic materials used in contact with potable water 
(Burman & Colbourne, 1979).
5.1.2. The growth of Pseudomonas aeruginosa in potable water
The growth of bacteria in aqueous suspension is influenced 
by numerous factors such as temperature, pH, salt and 
nutrient concentration, cell concentration and oxygen 
tension (Hoadley & Cheng, 1974). Also the enclosure of water 
in a container such as a glass bottle, for the purpose of 
observing the behaviour of bacterial populations, is known 
to lead to changes in the bacterial community, popularly known
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as the fbottle effect1 (Zobell & Anderson, 1936). Other workers 
have stressed the importance of the nature of diluents (King 
& Hurst, 1963) and the composition of the growth medium 
(Hoadley & Cheng, 1974) as well as the source of the test 
organisms (naturally occurring cells or subcultured cells) 
as significant factors in the study of bacterial growth in 
aqueous media. It is clear, therefore, that data from 
laboratory studies of bacterial growth in water may be difficult 
to interpret and relate to the behaviour of bacterial 
populations in water supplies where such factors as mentioned 
above are in a state of flux.
Studies of the behaviour of Ps.aeruginosa in potable 
water are scarce. Hoadley and Cheng (1974) studied the 
recovery of one strain of Ps.aeruginosa added to autoclaved 
tap water containing no detectable free chlorine at 2 0°C.
They considered that tap water was "highly toxic" to 
Ps.aeruginosa, only 10% of the initial inoculum being 
recovered after two hours on Drake's medium and seven hours 
on Tryptone Soya agar. Edmondson et al (1966) also found 
that chlorinated tap water was more effective than distilled 
water at retarding the growth of bacteria such as Ps.aeruginosa 
in nebuliser reservoir jars. Hoadley (1977) in a review of 
Ps.aeruginosa in drinking water supported these opinions on 
the toxicity of tap water to Ps. aeruginosa but he did cite 
one incidence of the growth of Ps.aeruginosa in tap water 
in a humidifier reservoir (Grieble et al, 1970). Furthermore, 
Hoadley (1977) considered that the work of Favero et al (1971) 
with distilled water made the multiplication of Ps.aeruginosa 
following an initial decline in some non-toxic finished 
waters a possibility. Favero et al (1971) compared the 
survival of naturally occurring and subcultured cells of 
Ps.aeruginosa in filter sterilised distilled water from a
hospital mist therapy unit. They observed an increase in
2 7the naturally occurring cells from 10 per ml to 10 per ml
in three days at 25°C. The subcultured cells showed an 
. . . . 4initial decline from 10 per ml to 10 per ml in 48 hours
7followed by an increase to a level of 10 per ml on the sixth 
day. Interpretation of this data is* hindered by the-fact
VvjQjr^ .
that the size and nature of the test vessel w-ae not described. 
Kayser et al (1975) found that the potential of distilled 
water to support the growth of Ps.aeruginosa was increased
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when the water was exposed to the atmosphere. They concluded 
that this difference was due to the absorption of volatile 
or gaseous nutrients during exposure.
Pettit and-Lowbury (1968) studied the survival of 
Ps.aeruginosa in a variety of aqueous media including tap 
water from Birmingham. Less than 1% of the inoculum, 
composed of seven strains of Ps.aeruginosa survived in tap 
water after 24 hours but it was possible to isolate 
Ps.aeruginosa from their experimental containers after 25 
weeks. The experiments of Pettit and Lowbury (1968) were 
conducted in very small volumes of water, 20 ml, and conditions 
of storage such as temperature were not recorded. A study 
of the growth of naturally occurring fluorescent pseudomonads 
in tap water was conducted at the Metropolitan Water Board 
by Anastasi (1969). The tap water did not contain a natural 
population of Ps.aeruginosa so the growth of this particular 
species was not observed. The fluorescent pseudomonads in 
unsupplemented river-derived and well-derived tap water 
showed an ability to multiply at 5°C, 20°C and 30°C, with 
20°C appearing to be the optimum temperature for growth. 
Supplementation of the tap waters with ethanol, humic acids 
and ammonium chloride failed to increase significantly the 
growth of the organisms. Burman (Report, 1973) concluded 
from the work of Anastasi that the ratio of surface area to 
water volume in the 350 ml volume samples probably had a 
marked effect on the results of the experiments and that 
surface adsorption phenomena have a special significance in 
conditions of low nutrient concentration. Kooij (1977), in 
a study of the citrate utilising bacteria in a distribution 
system in Holland, concluded that pseudomonads were not adapted 
for growth when low substrate concentrations existed in 
potable water. Counts of pseudomonads increased in high 
substrate distribution waters such as ozonated water. Kooij 
(1977) concluded that the absence of Ps.aeruginosa from the 
distribution system was due to its inability to grow at 
temperatures below 2 0°C.
Hutchinson and Ridgv?ay (1977) examined the. problems of 
microbial aftergrowths in distribution systems and they 
concluded that the factors controlling the bacterial 
population were the level of inorganic and organic substrates,
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temperature, pH, reaox potential and the level of residual 
disinfectant. They correlated a rise in temperature with a 
decline in residual chlorine due to the reaction of the 
chlorine with organic matter and they observed a rise in 
bacterial numbers with retention time of the water in the 
distribution system. Hutchinson and Ridgway (1977) further 
concluded that the continuous flow of water bringing fresh 
nutrients to a specific point probably made up for an 
apparent deficiency in organic carbon in potable water.
It has been suggested (Holden, 1970) that Ps.aeruginosa 
is more resistant to free chlorine in water than bacteria 
such as E .coli but much of the data upon which this theory 
was formed was derived from studies of swimming pool water.
High levels of organic material and nitrogen as well as 
other chemicals such as algicides are common in pool water 
and these factors make it difficult to relate the data to 
the survival of Ps.aeruginosa in tap water. Fitzgerald and 
DerVarlanian (1969) showed the effect of cyanuric acid on 
the kill of Ps.aeruginosa by free chlorine alone and in the 
presence of ammonia at pH 7.3. Concentrations of chlorine 
ranging from 0.1 to 0.5 mg/l all brought about a 99.9% kill 
of Ps.aeruginosa within one minute. The presence of either 
ammonia or cyanuric acid increased the length of time required 
for a 99.9% kill by 0.5 mg/l of chlorine to 18 and.35 minutes 
respectively. Hutchinson and Ridgway (1977) found a 99.9% 
kill of E.coli at pH 7.5. could be obtained in one minute 
with 0.03 mg/l of free chlorine as opposed to 17 minutes 
for 0 . 1 mg/l of chloramine.
Most of the available data on the growth and survival 
of Ps.aeruginosa in potable water is based on the ability 
of the organism to survive or multiply in water contained 
within glass vessels. Controlling factors such as pH, 
temperature and the nature of the inoculum vary and attempts 
to minimise the 'bottle effect* were not undertaken in these 
experiments. Despite these limitations a number of workers 
have concluded that tap water, unlike distilled water, is 
"toxic" to Ps.aeruginosa. These results are perhaps surprising 
in view of the fact that Ps.aeruginosa has readily been 
isolated from distribution systems and tap water. This 
contradiction between laboratory studies and field surveys
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suggests that Ps.aeruginosa may require an additional 
source of nutrients before sustained multiplication in 
tap water can occur.
5. 2. A. laboratory study of the ability of cextaln materials 
to support, the growth of Pseudomonas aeruginosa in 
potable water
The basis of the test procedure for the assessment of the 
growth of bacteria and fungi on materials in contact with 
potable water devised by Burman (Report, 1973) is the three 
day cycle principle of Calvert (1939). This procedure, which 
involves the replacement of almost all of the test water in 
the container every three days, was.designed to reproduce 
the conditions of intermittent flow common to many water 
supply systems. The adoption of this method was also 
considered advantageous in this study because it might 
help to minimise the 'bottle effect*. Water in many areas 
of a distribution system can remain static for considerable 
periods of time and therefore a 'continuous flow* experimental 
procedure was not considered appropriate for this study.
The test procedure of Burman (Report, 1973) employs naturally 
occurring microorganisms from river water as the inoculum 
and naturally occurring cells of Ps <aeruginosa were also used 
in the test procedure of Burman and Colbourne (1977). The 
test method described by Burman and Colbourne (1977), therefore, 
seemed to be an appropriate method for the collection of data 
on materials capable of supporting the growth of Ps.aeruginosa 
and a modification of this method was also used to examine 
the growth of different pyocine types on one selected material.
5.2.1. Methods
Materials Two-litre wide necked flasks covered with petri 
dishes were used as the containers. Each flask was cleaned 
to remove traces of organic material by steaming for two 
hours with a solution (3.5% w/v) of Decon 90 (Decon Laboratories 
Ltd.). When cool, the flasks were rinsed with tap water and 
finally with distilled water before drying in a hot -air 
cabinet. A piece of glass 150 mm by 50 mm by 2 mm was also 
cleaned by the same method and placed into one of the cleaned
- 136 -
flasks. This flask served as the negative control.
The test materials were obtained from manufacturers who 
submitted materials to the Thames Water Authority between 
1976 and 1979 for the purpose of obtaining approval for their 
products for use in contact with potable water. Wherever 
practicable the samples were standardised to 150 mm by 50 mm 
by 2 mm but some materials such as jointing compounds, oils 
and powders could not be standardised in respect of surface 
area. These samples were tested in the form of copper joints 
or as a layer on the surface of the test water, measured by 
weight or volume. The samples were not subjected to any 
special cleaning procedures unless these were recommended 
by the manufacturer as part of the normal practice during 
installation of the material into the water supply.
Microbial inocula A river water suitable for abstraction for 
potable water was chosen as the inoculum for the materials 
tests because it contained naturally occurring Ps.aeruginosa 
in the absence of toxic wastes. Water from the intake to 
Walton upon Thames, Water Treatment Plant was known to contain 
between 1 and 20 Ps .aeruginosa per 100 ml. The only available 
surface waters that contained a higher level of Ps.aeruginosa 
were not suitable because they received industrial and 
domestic effluents. A volume of Walton river water (100 ml) 
was therefore chosen for the inoculum and it was collected 
in the early morning of the first day of the test procedure.
The inoculum for the investigation of the growth of
different pyocine types had by necessity to consist of
subcultured cells of known pyocine types as isolated and
identified in Sections 2.0 and 4.0. Pure nutrient agar slope
cultures of pyocine Types lc, If, 30 and 62 were held at
4°C for four weeks prior to the test. The cells were
harvested from the agar slopes on the first morning of the
test procedure by the addition of 5 ml of the test water to
each slope. Tenfold dilutions of the cell suspensions were
made in 9 ml aliquots of the test water. The volume chosen
-3for the inoculum was one ml from the 10 dilutions.
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Test Procedures
i) The test procedure for the assessment of different materials
A sample of each material was placed into a flask to which 
100 ml of the river water inoculum was added. The flask 
containing the glass sample (the negative control) was also 
inoculated with 100 ml of river water. All of the flasks 
were filled to one litre with mains tap water, dechlorinated 
with sodium thiosulphate. The flasks were then covered and 
incubated in the dark at 30°C. Twice a week at intervals 
of either three or four days all the water, except for 1 0 ml, 
was removed from each flask and replaced with 990 ml of fresh, 
dechlorinated, mains tap water. At weekly intervals, prior 
to a water change, samples of water were withdrawn from each 
flask for quantitative analysis. The water in each flask was 
well mixed before the samples were withdrawn or the water 
changed. This procedure ..was continued for a minimum of six 
weeks and a maximum of eight weeks.
ii) The test procedure for the growth of different pyocine 
types
One material, an acrylonitrile butadiene copolymer (970), 
was selected from the range of materials identified as being 
capable of supporting the growth of Ps.aeruginosa. This 
material was chosen primarily because a surplus of untested 
material in the form of a flat sheet was available from which 
it was possible to prepare four identical sized samples.
Eight cleaned two-litre flasks, four containing pieces of 
glass identical in size, were autoclaved at one atmosphere 
for 15 minutes. Unsterile samples of the material were 
placed into four empty flasks. Normal methods of sterilisation 
would be likely significantly to alter the compostition of 
the material so the samples were not sterilised but merely 
washed by agitation for 30 minutes in a small quantity of 
the test water, which was then discarded, before placement 
in the flasks. The water used for the test was. mains water 
filter-sterilised by passage through a 0 .2 /^m membrane filter 
and collected in a sterile, Decon cleaned, glass aspirator 
jar. Membranes often retain residues of glycerol and solvents
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on their surfaces so tap water was flushed to waste through
each membrane for five minutes before the filtered water was
collected in the aspirator jar. Nevertheless it was possible
that some traces of these chemical residues passed into the
test water. The test water was dechlorinated by addition
of sodium thiosulphate to the aspirator jar. One litre of
the test water was added to each of the eight flasks and each
of the four pyocine types was inoculated into one control
flask and one test flask. The flasks were then incubated
at 30°C in the dark. Twice a week all the water, except
for 10 ml, was removed from the flask and replaced with 990
ml of fresh, dechlorinated, filter-sterilised, mains tap water.
Prior to each water change, samples were withdrawn for
quantitative analysis. Each flask was well mixed before
♦
samples were withdrawn or the water changed. This procedure 
was continued for as long as required.
The enumeration of Pseudomonas aeruginosa
i) The method used for the assessment of different materials
Although it has been suggested that rich media are more 
appropriate for this type of study it was felt more advantageous 
to emp loy the. same method of enumeration as that employed in 
the survey (Section 2.3.2.3.) in order that comparisons 
between the survey data and the results of this study could 
be made. It was also necessary to use a test method that
examined 1 0 0 ml volumes because of the low level of
Ps.aeruginosa in the inoculum. The sample volume examined 
was always 1 0 0 ml, however, smaller volumes were employed 
in addition if the numbers of Ps.aeruginosa were too high 
to enable a count to be determined on the membrane. Colonies
of Ps.aeruginosa were confirmed by the milk agar method
(Section 2.3.2.3.) and subcultured onto nutrient agar slopes 
for pyocine typing by the methods described in Section 4.1.2.
ii) 'me method used for the growth of different pyocine types
The initial concentration of Ps.aeruginosa in test flasks
2 3•was between 10 per ml and 10 per ml and as a considerable
increase in the level of Ps.aeruginosa in the test flasks
was anticipated, a method employing one ml sample volumes
was considered appropriate. In view of the impracticality
of sterilising the test materials milk agar was chosen as
the growth medium so that colonies of Ps.aeruginosa could
be distinguished from other bacteria that may have been
present in the test flasks. Samples of 1*0. or 0.1 ml volumes
were taken from each flask and spread with sterile glass
spreaders onto"the surface of milk agar plates in triplicate
(if the counts were high 0 . 1 ml volumes from ten-fold dilutions
of the 1 . 0 ml samples made in sterile mains tap water were
used). The plates were dried for five minutes in a warm air
cabinet before incubation at 30°C for 48 hours.
5.2.2. Results and Discussion
5.2.2.1. The range of materials-capable of .supporting the 
growth of Pseudomonas aeruginosa in potable water
The results were interpreted by the criteria described 
by Burman and Colbourne (1977). These were j- 
* The negative control flasks should exhibit counts of less 
than 1 • per 100 ml on the 4th, 5th and 6 th weeks of the test 
procedure. Any test flask that exhibited counts of less than 
1 per 100 ml on the 4th, 5th and 6 th weeks of the test 
procedure was considered to contain a material unable to 
support the growth of Ps.aeruginosa. Similarly, any flask 
that exhibited counts of 1 or more per 100 ml on the 4th, 5th 
and 6 th weeks of the test procedure was considered to 
contain a material that was capable of supporting the growth 
of Ps.aeruginosa. Any test flask exhibiting only one or 
two counts of 1 or more per 100 ml on the 4th, 5th and 6 th 
weeks of the test was tested for a further period of two weeks. 
If the counts on the 6 th, 7th and 8th weeks of the test 
were less than 1 per 1 0 0 ml then the flasks were considered 
to contain a material unable to support the growth of 
Ps.aeruginosa. If, however, any of these flasks exhibited
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counts of 1 or more per 1 0 0 ml they were considered to be 
borderline and a fresh sample of the material was resubmitted 
to the test procedure' .
The test procedure was applied to 400 materials in 20 
batches of 20 materials. The counts of Ps.aeruginosa 
from the 2 0 negative controls were all less than 1 per 1 0 0 ml 
on the 4th, 5th and 6 th weeks of the test procedure. Using 
the criteria described, 91 materials (22.8%) were identified 
as being capable of supporting the growth of Ps.aeruginosa.
The test results for these materials are described in Table
5.1. None of the test flasks gave borderline results.
Although only 40.1% of the 400 materials tested were rubber 
formulations, 73.6% of the materials capable of supporting 
the growth of Ps.aeruginosa were rubbers, the level of 
Ps.aeruginosa at the end of the test procedure ranging
5
from 2.0 per-100 ml to 2.1 x 10 per 100 ml. The level of 
Ps.aeruginosa at the end of the test procedure for the non-
5
rubbers ranged from 12.0 per 100 ml to 1.4 x 10 per 100 ml. 
Ten different pyocine types were isolated from these materials 
and thirteen of the materials were found to be supporting 
the growth of two or more different pyocine types. The exact 
chemical compositions of many of the materials could not be 
obtained from the manufacturers so in an attempt to examine 
further the relationship between chemical composition and 
growth of Ps.aeruginosa a range of individual ingredients 
of rubber formulations was examined by the test procedure.
The results of these tests are described in Table 5.2.
The 40 ingredients examined were predominantly powders 
and oils. They were, therefore, examined by concentration 
(0.1% weight or volume). The results in Table 5.2. agree 
with observations of other workers in that Ps.aeruginosa 
appears to be capable of growth on some ingredients of rubber 
but not on the basic polymers. The only base polymer that 
appears to support the growth of Ps. aeruginosa is a butadiene 
styrene copolymer, Intol 1502, but four other:samples of 
butadiene styrene copolymer were unable to support the 
growth of Ps.aeruginosa. Intol 1502 was supplied by a 
different manufacturer and gave off a noticeable odour unlike 
the other four samples. The purity and identity of this 
sample was therefore suspect. Thirteen out of 27 ingredients
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Table 5.1. Materials which supported the growth- of Pseudomonas 
aeruginosa using the test procedure described by . 
Burman and Colbourne (1977)
*
Material Serial Number Count of Pvocine
RUBBERS
Pseudomonas
aeruginosa
Tvne
Natural rubber 'O’ ring 769 1,800 -
Buna N diaphragm 775B 20 —
Rubber seat washer 777 1,700 -
Buna N 'O' ring 778B 85 -
Rubber diaphragm 779B 1,800 -
Rubber washers 791 1,800 -
Perbunan '0 * ring 79 2B + -
Rubber * 0' ring , 79 2C 6,000 -
Rubber 'O' ring 79 2D 76 - .
Perbunan *0* ring 793C 1,740 -
Nitrile rubber seal 799A 50 -
Synthetic/natural rubber collar 805B 2 -
Natural rubber collar 805C 450 -
Rubber washers 812C 190 -
Latex rubber hose 819 + -
Rubber rings 825B 6 -
Natural rubber sheet 827B -
Nitrile rubber collar 835 -
Synthetic rubber hose 836C + -
Natural rubber washers 84 OB 55 -
Rubber diaphragm 843 18,000 -
Nitrile rubber 845 14,000 -
Natural rubber 867 6,000 -
Synthetic rubber ’0' ring 872 70 1,3,31
Ethylene propylene rubber 873A 400 11,31,84
Rubber sheet 882B 700 3,11,29
Rubber washers 883B 38,000 3
Natural rubber sheet 884A + 5
Natural rubber sheet 884B + 3
Rubber sheet 886 + -
Buna N rubber pipe 889 + -
Synthetic rubber hose 89 IB 210,000 8
Rubber hose 891C 160,000 33
Rubber hose 891E + 3
Plasticised rubber 903D 16,000 3
Plasticised rubber 903E + 3
Plasticised rubber 903F 5,000 -
Rubber hose 912B + -
Rubber hose 912C 800 1
Rubber sheet 915 + 11,31
Ethylene propylene seals 917B + 1,5
Polyolefin hose 917C + 3
Rubber hose 923B + 1,3
Buna N sheet 940 + 1c
Ethylene propylene sheet 941A + lc
Ethylene propylene sheet 941B + lc
Ethylene propylene sheet 941C + lc, 3
Neoprene rubber sheet 944B + lc, 3
Nitrile rubber sheet 949D 1,200 lc
Buna N gasket 970 + -
Butadiene styrene sheet 97 2F + -
Ethylene propylene sheet 97 2G + -
Rubber compound 981 42 lc, lb
Nitrile rubber valve 987 + —
Nitrile rubber diaphragm 1037 200 11
Vulcanised rubber 1035B + 1
Butadiene acrylonitrile 1050 + 3,11
Rubber regulator 1064R + -
Nitrile rubber 1064Q + -
Ethylene propylene 1064J + 3
Rubber sheet 1064C 66,000 1,3
Rubber sheet 1065A 120 -
Nitrile rubber regulator 1069N + 3
Neoprene 1081B + 3
Nitrile rubber 1098
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Table 5.1. Materials vhich supported the growth of Pseudomonas
continued aeruainosa usina the test orocedure described bv
Burman and Colbourne (1977)
Material Serial Number
*
Count of
Pseudomonas
aeruainosa
Pvocine
Tvne
NON-RUBBER
Lubricated asbestos packing 788 + -
Bitumen tape 789 + -
Paint coating 802 + -
Solder flux 807B + -
Polypropylene ball valve 808 20 -r
Petroleum greased packing 8 09A 248 -
Petroleum oil packing 809C 76 -
Nylon 836D + -
Polybutylene pipe 839 + • -
Asbestos cartridge 852 3,500 -
Polytetrafluoroethylene packing 865A + -
Solder paste 869B 12 1,3
Glass reinforced fibre tank 880 16,000 u/c
Polytetrafluoroethylene y am 885 25,000 5
Petroleum lubricant 893 140,000 3
Paint coating 894A 27,000 3
Paint coating 894B 116 3,68
Solvent free epoxide coating 895 100,000 3
Paint coating 920 52 3
Polyethylene sheet 948 3,600 lc
Pipe coating 953 60 lc
Glass reinforced fibre tank 962 2,200 3
Telephone cable 1018 60 le, 5
Polyethylene 1020 25 3
Key + Counts difficult to estimate because of spreading colonies 
Pyocine types not determined
* Counts per 100 ml obtained on the last day of the test 
procedure
** Pyocine typing notation is that of Gillies and Govan (1969)
supported the growth of Ps.aeruginosa and it is interesting 
to note that several of these ingredients have been cited 
as having fungicidal properties (Heap, 1965); e.g., the
dithiocarbamates and mercaptobenzathiazoles. These two 
groups of compounds are often used together because they 
produce synergistic combinations whose fungicidal properties 
are superior to those of either compound alone. The growth 
of Ps-.aeruginosa on dithiocarbamate was, however, inhibited 
when the compound was in the form of a copper salt. Two 
samples of tetramethyl thiuram disulphide, from different 
sources, supported the growth of Ps.aeruginosa despite the 
fact that this compound is considered to confer bacteriocidal 
properties to rubbers compounded with plasticisers and 
stabilisers (Heap, 1965) . Tetrabutyl thiuram di'sulphide 
did not, however, support the growth of Ps.aeruginosa which 
is surprising in view of the fact that Stanier et al (1966)
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Table 5.2. The- growth of Pseudomonas aeruginosa on ingredients used in the manufacture of synthetic rubber
Commercial reference Chemical identification of the ingredienta Results at test procedure 
Ps.aeruainosa cer 100 ml 
4th' Sth 6th veete
BASS POLYMERS 
Shi III 
Intolan 140A 
Intolan 36 
Intolan 155 
Intolan 444 
Intolan 255 
Intol 1502 
Incarb 1713 
Incarb 5607 
Incarb 5614 
Incarb 5617 
Intene 0E 65 
Silastic
PTT.T.FP.q
N330 blade
FEE blade
SRF blade
MT blade
HAF blade
Regal SRF
AMTIOXIDANTS
KB
CORING AGENTS 
TEDC
VULCANISING AGENTS 
Retilox F40 
PROCESSING OILS 
Dutrax 729 
Cereclor 42 
Sunpar 2280 
Paraffin wax 
Circosol 4240 
ANTIDEGRADANTS 
Santoflex 77
Santoflex 13
Synthetic cis-1 t 4 polyisoprene (CH2 C=CH_CH2 )n
Ethylene propylene diene monomers 
Ethylene propylene diene monomers .
Ethylene propylene diene monomers
Ethylene propylene diene monomers with oil and carbon blade 
Ethylene propylene diene monomers ^ ^
Butadiene styrene copolymer (-CHr-C-4L CH. r ru. 
Butadiene styrene.copolymer oil extended Q  
Butadiene styrene copolymer oil extended vith .carbon blade
Butadiene styrene copolymer oil extended vith carbon blade
Butadiene styrene copolymer oil extended vith carbon blade
Polybutadiene vith aromatic mineral oil
Silicone rubber
ACCELERATORS/RETARDERS 
CUDD ’
TBUTD 
MB T
Santocure (M0R)
TAC/S 
TMTD 
TMT
Sulphasan R 
OTHER INGREDIENTS 
Zinc octanoate 
Stearic acid 
Sulphur
High abrasion furnace carbon 
Fast extrusion furnace carbon 
Semi-reinforcing furnace carbon 
Medium thermal blade carbon 
High abrasion fast extrusion carbon 
Semi-reinforcing furnace carbon
2-mercapto benzimidazole
Tetra ethyl dithiocarbamate ((C.C-jH^ N.C.S.S_)2
1,3,- BIS (Tert Butyl-peroxy-isopropyl) benzene
Highly aromatic petroleum hydrocarbon 
Chlorinated paraffinic hydrocarbon 
Paraffinic oil 
Paraffin vax 
Napthenie oil
N,N-di-1,4, dimethylpentyl-P-phenylene-diamine
CH 3_C_(CH j),_C_CH,CHj
N (1,3,-dimethylbutyl)-N•-phenyl-?-phenylene-diamine 
H H H
.N C__CH *_C_CH )
CH, CH,
Cupric dimethyl .dithiocarbamate N_C__S_S_^
Tetrabutyl-thiuram disulphide 
2-me rcaptobenzo thiazo le (1 C S H
2-mo rpho lino thio-benzathiazo 1 ^
Tri-aUeyl cyanurate (CH::CHCHj_OC:N_)3 
Tetramethyl thiuram disulphide .. % .. - _ _ \« W 2 N.cs.s_)2
Tetramethyl
Dimorpholino-disulphide
thiuram disulphide
0
0
0
0
0
0
7
0
0
0
0
0
0
210
0
1
0
0
0
1000
2200
11
0
0
0
0
0
0
4
0
0
0
0
0
0
400
0
0
0
0
0
300
1200
0
0
0
0
0
0
18
0
0
0
0
0
0
114
0
0
0
0
0
1600
1600
NLSSN 4 * ’o
CHjCH^ 'sCHJCHf^
Zinc octanoate 
Stearic acid 
Sulahur
0 0 0
0 0 0
32 1000 1200
1000 1200 1100
1000 120 200
0 0 0
20 0 0
1 .0 0
0 0 0
1000 1200 900
0 0 0
3 400 400
1 1000 1100
1000 800 950
1000 560 360
12.000 10,000 10,000
30 800 1600
0. 0 0
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Table 5.3. The growth of- Pseudomonas aeruginosa on natural rubber at
at different stages of processing
Natural rubber samples Results of test procedure
Ps.. aeruginosa per 100 ml 
      week
High ammonia latex natural rubber 
High ammonia latex natural rubber-lx.centrifuge 
High ammonia latex natural rubber-acetone 
extracted
De-proteinised natural rubber-lx centrifuge 
De-proteinised natural rubber-3x centrifuge 
Epoxidised natural rubber
Epoxidised natural rubber methanol extracted 
Peroxide vulcanised de-proteinised natural 
. .rubber with 4% dicumyl peroxide 
Peroxide vulcanised de-proteinised natural 
rubber-acetone extracted 
Standard Malaysian rubber Grade 5L 
Peroxide vulcanised Standard Malaysian rubber 
Grade 5L with 4% dicumyl peroxide 
Standard Malaysian rubber Grade 5L-acetone 
extracted
4th 5th 6 th
0 0 0
4 0 0
2 0 0
0 0 0
8 0 0
0 0 0
1000 170 160
20 0 0
0 0 0
0 0 0
2 0 0
0 0 0
found that Ps.aeruginosa could utilise butyl derivatives 
as well as methyl and ethyl derivatives. Many of the 
processing oils and ingredients such as stearic acid and 
zinc octoate supported the growth of Ps.aeruginosa.
Some of these results were not in agreement with 
those of Heap (1965) who cited several studies that concluded 
that ingredients such as the mercaptobenzathiazoles and 
dithiocarbamates were resistant to microbial attack. Stearic 
acid and paraffin wax are, however, well renowned for 
supporting the growth of both fungi and bacteria. The 
ingredients evaluated in this study were factory samples, 
many of which could have contained organic impurities, 
and this may possibly account for the fact that one of the 
carbon blacks supported the growth of Ps.aeruginosa. 
Furthermore, during compounding many of the ingredients 
react and the chemical nature of these ingredients may well 
change. Nevertheless the fact that 13 common ingredients 
of rubber in their factory form supported the growth of 
Ps.aeruginosa provided evidence to suggest that the growth of 
Ps.aeruginosa on rubbers in contact with potable water arises 
from the chemical composition of the material and not from 
surface contamination of the finished product with organic 
matter.
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seven natural rubbers described in Table 5.1. supported 
the growth of Ps.aeruginosa. By courtesy of the Malaysian 
Rubber Producers Research Association, who provided a series 
of samples of natural rubber latex at different stages of 
processing, it was possible to investigate further the growth 
of Ps.aeruginosa on natural rubber. The results of these 
tests are described in Table 5.3. Natural rubber latex 
treated with ammonia and deproteinised, as well as finished 
natural rubbers in standard and vulcanised form, were all 
unable to support the growth of Ps.aeruginosa. The only 
sample of natural- rubber capable of supporting the growth 
of Ps.aeruginosa had been extracted 100 times with methanol, 
a solvent known to support the growth of Ps.aeruginosa 
(Stanier et al, 1966) . It was clear from this study that as 
with synthetic rubbers, Ps.aeruginosa is unable to utilise 
the base polymer of natural rubber; again pointing to the 
nature of the processing or the additives as the probable 
cause of growth on the finished products. Throughout all 
these studies Ps.aeruginosa was unable to persist in the 
test control flasks in the absence of a material.
5 . 2.2. 2. The growth of -different pyocine types, .of Pseudomonas 
aeruginosa on acrvlonitrile butadiene copolymer 
at 30°C
Pyocine types lc, If, 30 and 62 were chosen for the study 
because If and 30 were two of the pyocine types that occurred 
most frequently in the distribution system whereas lc was 
more common in surface water. Type 62 was a rare pyocine 
type isolated only once from surface water, the distribution, 
system and sewage. The counts obtained from the test and 
control flasks inoculated with these pyocine types are 
described in Table 5.4. and Figures 5.1., 5.2., 5.3. and 5.4.
The initial inoculum of Ps.aeruginosa in the test
, 2 3 .containers was between 10 and 10 per ml. The water changing
2procedure provided a dilution of 10 every three or four 
days, so it was expected that unless multiplication occurred, 
the level of Ps.aeruginosa would fall to less than 1 per ml 
after the first two or three water changes. The level of
Ps >aeruginosa in the flasks containing glass samples did 
not, however, reach a level of less than 1 per ml until the
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Figure 5.1 The influence of acryionitriie butadiene on pyocine type 1c
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Figure 5.2 The infiuence of acrvionitriie butadiene on pyocine type 1f
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inth water change (the 8th week) and the level of two of the 
pyocine types, lc and 62, increased by a factor of at least 
10 during the first and second water changes. It was clear 
from these results that the subcultured cells of Ps.aeruginosa 
were capable of multiplication for a limited time in the 
filter-sterilised tap water. It was possible, however, that 
traces of solvents (derived from the membranes used for 
filtration) in the tap water provided a source of nutrients 
for the limited growth of Ps.aeruginosa. The decline in the 
counts of Ps.aeruginosa from the control flasks could not, 
however, be attributed to nutrient depletion because fresh 
water was applied to the flasks at every water change. These 
observations suggest that Ps.aeruginosa is unable to-multiply 
persistently in tap water without an additional source of 
nutrients but the observations of other workers that tap water 
is toxicf to Ps. aeruginosa was not supported by these experiments 
The counts of Ps.aeruginosa from the control flasks in 
Section 5.2.2.1. suggested that naturally occurring cells 
of Ps.aeruginosa like subcultured cells, were incapable of 
persistent multiplication in tap water alone.
The level of all four pyocine types of Ps.aeruginosa
2 3.increased by a factor of 1 0 - 10 m  the flasks containing
the samples of acrylonitrile butadiene copolymer during the 
first two changes of water. Taking into account the dilution 
effect of the water changing procedure the multiplication of 
Ps.aeruginosa was initially 10,000 fold. It is clear that 
the addition of the samples of material to the test containers 
significantly encouraged the multiplication of all four 
pyocine types of Ps.aeruginosa. The results of these 
experiments did not provide an explanation for the difference 
in the frequency of isolation of different pyocine types 
from the distribution system because pyocine Types lc and 62 
responded in a similar fashion to pyocine Types If and 30 
which were notable for their relatively high frequency in 
the distribution system.
5.3. The use of materia .1,s ca.pab.le of -sun-porting the, growth.
of Pseudomonas aeruginosa in the distribution system
Between May and September 1976, bituminous tastes were frequently 
experienced by consumers of water from new mains within 
the distribution system. Bacteriological counts on water 
samples collected from eighteen newly laid mains revealed 
that Ps.aeruginosa was present in the water collected from 
eleven out of the eighteen mains. All the new mains were 
originally coated with a coal tar hot applied coating in 
accordance with British Standard BS 4164, 1967. The ability 
of this material to support the growth of Ps.aeruginosa was 
therefore evaluated using the test procedure of Burman and 
Colbourne (1977).
The summer of 1976 was unusually warm and it was discovered 
that fresh coatings of new mains in store had melted and 
accumulated in thick layers in hollows along the inner surface 
of the pipes. Chippings from these thick areas of coating 
were also tested, along with a test panel coated by the 
manufacturers of the material with the coal tar material to 
BS 4164,1967s and a three month old section of main removed 
from the ground at one of the sites where the problem had 
first been observed. The results of these tests are described 
in Table 5.5. , The counts of Ps.aeruginosa obtained from water 
samples collected from the new main from which the section 
was cut are described in Table 5.6.
It can be seen from Table 5.6. that Ps .aeruginosa persisted 
for over two years in the water in the new main despite 
repeated flushing and swabbing. The main was returned to 
service during March 1977 and Ps .aeruginosa was isolated at 
a level of 45 per 100 ml from water in the main twenty months 
later. The test panel of the coal tar coating supported the 
growth of Ps.aeruginosa in the test procedure as did the section 
of new main removed from the ground. Chippings taken from 
new mains in store did not support the growth of Ps. aeruginosa 
after the fifth week of the test procedure. This may have 
been due to the evaporation of volatile components of the 
coal tar that may have been capable of supporting the- growth 
of Ps.aeruginosa. The chippings exposed a greater surface 
area to the atmosphere which may have facilitated evaporation.
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Table 5.5. The growth of Pseudomonas aeruginosa on samples of coal tar 
hot, applied coating using the test procedure of Burman 
and Colboume (1977)
Sample Results. of the test procedure
Ps ..aeruginosa per 100 ml 
4th 5th ’ 6th . week
Test panel of coal tar coating prepared
vith « ■ « »  3V000 9.000
BS 4164,1967
Chippings collected from the coal tar ^ 5 q
coatings on new mains in store
A section of coal tar coated new main
removed from the ground three months 200 48 80
after being laid
Control flask containing a glass sample 0 .0 0
Table 5.6. The counts of Pseudomonas aeruginosa per 100 ml from water 
samples collected from the new main at the site where it 
was removed from the ground.
, *
Date of sample collection Ps.aeruginosa per 100 ml
17-8-76 800
25-8-76 1000
27-8-76 3000
3-9-76 600
15-9-76 400
* *
4-2-77 16
9-2-77** 2000
11-2-77*** 12
15-2-77 3
18-2-77 133
4-3-77 52
11-11-78 45
Key * The counts were obtained using the method described in
Section 2.0.
** These samples were collected immediatley after the main
has been swabbed with a large foam insert.
*** The main was commissioned to service on this date
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Table 5.7. The growth of Pseudomonas aeruginosa on. a glass fibre 
material used in the construction of a water storage 
tank installed in an old people*s home
Sample Results of the test procedure .
Ps-aeruginosa per 1D0 ml 
4 th 5 th 6th weeks
Epoxy resin bonded 1QQ 4g g4
glass fibre material u
It is possible that the hot weather during the summer
of 1976 served to encourage the growth of Ps.aeruginosa in
the new main and also led to the main being laid before the
coating had completely hardened. However, several of the
other new mains were laid before the hot weather began and♦
the ability of Ps.aeruginosa to persist in the main for two 
years, through two cold winters, suggests that the weather 
conditions were less important than the laboratory finding 
that the coal tar coating was capable of supporting the growth 
of Ps.aeruginosa in potable water.
A solvent based epoxy resin-bonded glass fibre cold water 
storage tank was installed in an old peopled home in 1975. 
During 1977 a sample of the tank material was examined by 
the test procedure of Burman and Colbourne (1977) and found 
to be capable of supporting the growth of Ps.aeruginosa. The 
inner surface of the tank began to deteriorate during the 
latter half of 1977 and samples of water from the tank,- along 
with some of the deteriorating tank material were examined 
bacteriologically. The results of these tests are described 
in Table 5.7. Ps.aeruginosa was present in the material 
collected from the walls of the tank although at the time 
Ps.aeruginosa could not be isolated from a'100 ml sample 
of water collected from a tap-off-tank.
These two examples demonstrated a degree of correlation 
between the presence of Ps.aerguinosa in water supply 
distribution systems and the use of materials that supported 
the growth of Ps.aerguinosa in the test procedure of Burman 
and Colbourne (1977).
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5 .4. The influence- g£ on .the, survival: of. different
pyacine toes of Eseudomonas'aeruginosa in filter- 
sterilised tap water
The results of the experiments described in Section 5.2.2.2. 
indicated that Ps.aeruginosa was unable to multiply in tap 
water in the absence of an additional source of nutrients.
The influence of temperature on the presence of Ps.aeruginosa 
within the distribution system was observed in Section 2.0. 
and this influence was considered to be indicative of the 
growth of Ps.aeruginosa within the distribution system. A 
further series of experiments was therefore undertaken to 
examine the influence of temperature on the survival of four 
different pyocine types of Ps.aeruginosa in filter-sterilised 
tap water.
5.4.1. Method
The materials and inocula were prepared by the method described
in Section 5.2.1. Each of the four different pyocine types
-3lc, If, 30 and 62 were inoculated from a 10 dilution into 
three flasks which were then incubated at 5°C, 15°C and 30°C 
respectively. The water was changed in the flasks as described 
in the test procedure in Section 5.2.1. and counts of 
Ps.aeruginosa on milk agar made prior to each..water change.
5.4.2. Results and Discussion
The mean counts of Ps.aeruginosa obtained prior to each water 
change from each of the twelve flasks are described in Table 
5.8. and Figures 5.5., 5.6., 5.7. and 5.8.
The level of Ps.aeruginosa in the containers incubated at
5°C fell to less than 1 per ml after 2 - 4  water changes.
Taking into account the dilution factor of the water changing
procedure these results indicated that Ps.aeruginosa was unable
to multiply in the filter-sterilised tap water at a temperature
of 5°C. The level of Ps.aeruginosa in the flasks incubated 
o
at 15 C also fell to less than 1 per ml after 2 - 4  water 
changes but unlike the results from the flasks incubated at 
5°C, pyocine Types lc and 62 showed a small increase in count 
prior to the first water change. All four of the
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Figure 5 .5  The influence of water temperature on pyocine type 1c
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Figure 5.6 The influence of water temperature on pyocine type 1f
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Figure 5.7 The influence of water temperature on pyocine type 30
A  15 c 
O 30°C
weeks
- 160 -
oo-
/
Ps 
• a
er
ug
in
os
a
influence of water temperature
weeks
- 161 -
pyocine types were capable of limited multiplication at 30UC 
for 16 water changes but Types lc and 62 multiplied more 
rapidly than Types If and 30 during the first two weeks. The 
two pyocine Types If and 30 isolated from the distribution 
system did not, therefore, exhibit a greater capacity for 
multiplication in tap water than the pyocine Type lc common 
in surface water or the pyocine Type 62 which was rarely 
isolated from any source.
5.5. The effect of chlorine on the survival of Pseudomonas 
aeruginosa and Escherichia coli in tap water
Chlorine is normally present in the water leaving the treatment 
plants .supplying the distribution system of the Metropolitan 
Water Division, Thames Water Authority. In order to assess 
the influence of chlorine on the survival of Ps.aeruginosa 
and B . coli in waiter within the distribution system it was 
considered necessary to ascertain the normal levels of free 
chlorine and chloramine in the areas of the distribution 
system where Ps.aeruginosa was found to occur. A small survey 
of the levels of chlorine in the water in the distribution 
system was therefore conducted. The data obtained from this 
survey was then used to determine the nature and concentration 
of the chlorine dose for the experimental procedure.
5.5.1. Methods
5.5.1.1. The measurement of free and combined chlorine
A simple, rapid method of determining chlorine and chloramine 
in water was required for both the survey and the experiments. 
The reaction of chlorine in water can be described as follows
Cl + H O ^  HCI ♦ HOCi: HOCI ^  OCl" ♦ H+.
2 2
In the presence of ammonia the following compounds may be 
formed;-
NHjCI monochloramine; NHCI 2 dichloraminej NCI 3 trichloramine.
The proportion of chloramines formed is dependent on_pH. At 
pH 7.0 or above dichloramine is rarely present (Palin, 1957s 
Holden, 1970).
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A colorimetric method using N,N-diethyl-p-phenylene 
diamine sulphate (DPD) widely used throughout the Water 
Industry seemed to be the most appropriate method. The 
addition of this reagent to water produces a red coloration 
in the presence of free chlorine and subsequent addition of 
potassium iodide to the same sample of water produces a 
further colour development in the presence of chloramines.
The colour may then be measured against standard comparator 
discs using a proprietary test kit and an estimation of the 
level of chlorine made.
Method A 50 ml sample of test water was placed into a clean, 
graduated glass cylinder containing a small quantity of the 
DPD reagent. The sample was mixed and the colour compared 
to a sample of water containing no reagent (a blank) using 
a Lovibond comparator disc between the range 0.05 - 2.0 mg/l 
chlorine. Two crystals of potassium iodide were then added 
to the water sample which was mixed and again compared with 
the blank using the comparator disc. The results were 
expressed as mg/l of residual chlorine or combined chlorine.
5.5.1.2. Collection of water samples from the distribution 
system
Water samples were collected from hydrants in clean brown 
glass bottles. The samples were returned to the laboratory 
within four hours of collection and the chlorine determinations 
were carried out immediately.
5.5.1.3. The measurement of the influence of chlorine on 
the survival o£ Pseudomonas- aeruginosa and 
Escherichia coli in tap water
Materials Six brown glass Winchesters (capacity 2,500 ml) 
cleaned with a 3.5% (w/v) solution of Decon 90 to remove 
organic material formed the test containers. The containers 
were filled with a solution of 10 mg/l of sodium hypochlorite 
(Miltons solution) and stored for one week in the dark to 
remove any chlorine demand attributable to the glass. The 
containers were finally rinsed and sterilised by autoclaving 
on the day before the experiment.
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Stock solution of chlorine It is generally agreed that the 
undissociated hypochorous acid is the active bacteriocidal 
species but because it is unstable it is normally stabilised 
with caustic soda in the form of sodium hypochlorite.
HOCI ♦ NaOH n  Na+ + OCf ♦ HOH
Commercial preparations may have a pH as high as 12 but the 
working solutions of such preparations (50 - 300 mg/l 
available chlorine) normally fall in a pH range 7 - 9 .  At 
these pH levels the equilibrium favours HOCI (Hugo, 1971).
A stock solution of 100 mg/l available chlorine was therefore 
prepared from a solution of sodium hypochlorite (Miltons).
The stock solution was made on the morning of the experiment 
and the concentration checked by dilution in test water and 
measurement with the DPD comparator disc.
Microbial inocula It is well recognised that the nature 
of the inoculum can strongly influence the results of studies 
of bacterial survival. Important factors appear to be the 
physiological condition of the cells, the pH and temperature 
of the growth medium, the method of harvesting the cells and 
the density of the test population (Hugo, 1971). It was 
not possible to study the influence of all these factors in 
this experiment but in order to facilitate the comparison 
of the behaviour of Ps.aeruginosa and E.coli care was taken 
to ensure that the experimental conditions including the 
preparation of the inocula were standardised.
Six pure cultures of Ps.aeruginosa and E.coli isolated 
from the distribution system were maintained on nutrient agar 
slopes for four weeks at 4°C prior to the experiment. The 
cells were harvested from each slope on the morning of the 
experiment by suspension in 5 ml of the test water. Tenfold 
serial dilutions of the suspension were prepared in 9 ml 
aliquots of test water. One ml of a 10™ dilution formed 
the inoculum for each culture.
Test water Two types of water were used; autoclaved glass 
distilled water pH 7.1. and filter-sterilised water-from 
Bexley well pH 7.1. The laboratory prepared glass distilled 
water contained a small amount of ammonia and the addition 
of 2 ml of the 1 0 0 mg/l stock solution of chlorine to
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2000 ml of distilled water at 15°C gave a level of 0.1 mg/l 
chloramine in the absence.of any detectable free chlorine 
(lowest detection limit 0.05 mg/l). The addition of 2 ml 
of the 1 0 0 mg/l stock solution of chlorine to '2000 ml of 
well water at 15°C gave a level of 0.1 mg/l of free chlorine 
in the absence of chloramine. The addition of the above 
quantity of stock solution of chlorine to the distilled 
water did not influence the pH of the water despite the 
absence of buffering properties from the water. The use of 
these two waters made it possible to compare the influence 
of 0 . 1 mg/l free chlorine and 0 . 1 mg/l of chloramine on 
the survival of the test cultures at the same pH and 
temperature.
The enumeration of Pseudomonas aeruginosa and Escherichia coli 
The methods of enumeration for Ps.aeruginosa and E.coli used 
in the survey of the distribution system (Section 2.3.2.) 
were used with this test procedure in order that the 
influence of chlorine on these bacteria could be related 
to their isolation from the distribution system. The 
volumes of water examined were 100 ml, 50 ml and 10 ml.
Test Procedure 2000 ml of the test water was added to the
test container and placed in a water bath at 15'°C for a 
period of 24 hours before the experiment. One ml of the 
10 dilution of the test culture was added to the container 
and a sample of water withdrawn from the container into a 
sterile bottle immediately after the water was mixed. The 
chlorine dose of 2 ml of the stock solution was then added 
to the container and the water mixed. Samples were withdrawn
aseptically from the container at intervals of time up to
30 minutes. These samples were collected in sterile bottles 
that contained 0.5 ml of a 3% solution of sodium thiosulphate. 
At the end of the experiment the samples were enumerated 
for Ps.aeruginosa and E .coli. The free and combined chlorine 
were measured in the test container at the beginning and the 
end of the experiment. Each culture was tested three times 
against each water and the mean counts of Ps.aeruginosa 
and E.coli per 1 0 0 ml calculated for each culture.
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Table 5.9. The level of free and combined chlorine in the distribution 
system during November 1978
Sample site Number of Mean free chlorine Mean combined chlorine
samples (mg/l) (mg/l)
Pumping-out mains
Whipps Cross 12 0-05 0.25
Forest Road 12 0.15 0.25
Woodford 12 0.05 0.30
Distribution mains
Whipps Cross 12 <0.05 0.10
Forest Road 12 <0.05 0.10
Woodford 12 <0.05 0.05
The survey of the chlorine content of the distribution system 
water was carried out for one month during November 197 8 .
The water samples were collected from three pumping-out 
mains at Coppermills Water Treatment Plant and three mains 
in the distribution system receiving water from these 
pumping-out mains. The distance between the treatment plant 
and these mains was at least three miles. The results of 
the survey are described in Table 5.9.
The level of free chlorine in the pumping-out mains was 
between 0.05 and 0.15 mg/l but in the distribution mains 
free chlorine could not be detected. Chloramine was, however, 
detected in the distribution mains at levels between 0.05 
and 0.1 mg/l. The chlorine doses for the experiments were 
set at 0 . 1 mg/l free and combined chlorine.
The mean counts of Ps.aeruginosa and E.coli obtained 
from the test containers are described in Tables 5.10 and 
5.11. and the time required for a 90% kill of each culture
was calculated using regression analysis based on the
logarithmic equation, y = a + b log x
The mean time required for a 90% kill of the six strains
of Ps.aeruginosa was 1.2 minutes with free chlorine (0.1 mg/l) 
and 5.0 minutes with chloramine (0.1 mg/l). The six cultures 
of Ps.aeruginosa showed a greater variation in their response 
to free chlorine than the E.coli cultures. Two of the 
Ps.aeruginosa cultures appeared to be more resistant than 
the rest to chloramine. The mean time required for a 90% 
kill of the six strains of E.coli was 0 . 5 minutes with free
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chlorine and 1.5 minutes with chloramine. The response of 
the E .coli cultures to free chlorine wa.s uniform but two 
of the cultures did exhibit some degree of resistance to 
chloramine.
It is apparent that under these test conditions the 
response of the cultures of Ps.aeruginosa and E.coli to a 
free chlorine dose of 0 . 1 mg/l was similar although the 
cultures of. Ps.aeruginosa exhibited greater variability.
There was', however, a more noticeable difference in the 
response of these bacteria to chloramine. Chlorine is, 
however, unlikely to be present in the areas of the 
distribution system where Ps.aeruginosa may occur (hydrants 
and dead-end mains) because such areas are distant from the 
treatment plants and the organic components of the 
construction materials capable of supporting the growth of 
Ps.aeruginosa may react with chlorine. The reaction of 
chlorine with the coal tar material used in the new mains 
during 1976 probably led to the apparant failure of the 
chlorination of these mains to eradicate Ps.aeruginosa.
5.6. Summary
The ability of Ps.aeruginosa to multiply in tap water in 
contact with materials used in the construction of distribution 
systems and plumbing systems has been demonstrated under 
laboratory conditions. A variety of individual ingredients 
of rubber formulations were found to be capable of supporting 
the growth of Ps.aeruginosa in tap water although 
Ps.aeruginosa was unable to utilise the base polymers of 
either natural or synthetic rubbers. Two materials, a 
resin-bonded glass fibre storage tank and a coal tar coating 
present within the distribution system were found to be 
capable of supporting the growth of Ps.aeruginosa in 
the laboratory test procedure and Ps.aeruginosa was isolated 
from the distribution system in the locality of these 
materials.
Ps.aeruginosa was found to be capable of limited growth 
in filter-sterilised tap water in the laboratory but in view 
of the fact that the growth declined after seven weeks and 
the presence of solvents (derived from the membranes used
- 169 -
for filtration) may have encouraged growth, it was clear 
that Ps.aeruginosa was unable to sustain persistent 
multiplication in tap water alone. The multiplication of 
Ps.aeruginosa was reflected by the influence of water 
temperature on the counts of Ps.aeruginosa in the tests.
The observation from the survey of the distribution system 
(Section 2.0.) that Ps.aeruginosa increased in numbers 
progressively at water temperatures above 15°G was supported 
by the results of the laboratory studies which showed that 
strains of Ps.aeruginosa were capable of growth at 15°C and 
30°C in tap water. It was, however, clear that Ps.aeruginosa 
was only capable of sustained growth in tap water when an 
additional source of nutrients, such as a rubber formulation, 
was present. The behaviour of four different pyocine types 
of Ps.aeruginosa in the laboratory experiments was similar 
and there was therefore no positive correlation between the 
frequency of occurrence of the different pyocine types in 
the distribution system and their ability to multiply in 
tap water either in the presence or absence of construction 
materials.
Cultures of Ps.aeruginosa and E.coli showed only a 
slight difference in their response to levels of 0 . 1 mg/l 
of free and combined chlorine in water at 15°C and pH 7.1.
It is however clear that chlorine was present in the 
distribution system in the form of chloramine, not free 
chlorine, and the action of chloramine on both Ps.aeruginosa 
and E.coli was not as effective as free chlorine.
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The presence and si .gnificance of Pseudomonas aeruginosa
in London's water supply
6.1. The presence of Pseudomonas aeruginosa in the distribution 
system
The scarcity of information concerning the presence of 
Ps.aeruginosa in United Kingdom potable -water supplies was 
substantiated by the literature review even though recent 
opinion (Holden, 1970) favours the inclusion of an enumeration 
procedure for Ps.aeruginosa in the routine bacteriological 
examination of potable waters in areas of the country where 
Ps.aeruginosa is present in natural waters. The solitary 
United Kingdom study of water leaving treatment plants and 
contained within underground service reservoirs (Report, 1970) 
failed to demonstrate the presence of Ps.aeruginosa within 
the distribution system of the Metropolitan Water Division, 
Thames Water Authority. The current survey of the same 
distribution system did, however, clearly demonstrate the 
presence of Ps.aeruginosa in areas of the system that were 
remote from the treatment plant, close to the point of 
consumption and subject to either 'human.contact * or the 
ingress of soil.
During the thirteen month survey, the overall quality 
of the water in the distribution system conformed to the 
bacteriological standards recommended in Report 71 (1969) 
but the application of these criteria to the areas of the 
system included in the survey revealed that the bacteriological 
quality of the water in these sectors had noticeably 
deteriorated. The presence of Ps.aeruginosa in the 
distribution system was related to factors responsible for 
the decline in bacteriological water quality. Thus a not 
insignificant percentage (7.1%) of the water samples collected 
from new mains, repaired mains and consumers' premises 
contained Ps.aeruginosa and the sample site that exhibited 
the poorest bacteriological quality (new mains) was also 
the site from which Ps. aeruginosa was most frequently 
isolated. The majority of the sites were sampled from hydrants 
and taps-off-mains and notwithstanding the fact that the 
samples were equally distributed between these two sample
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points, 73% of the samples containing Ps.aeruginosa were 
collected from hydrants. This association between 
Ps.aeruginosa and hydrants was attributed to the operational 
relationship that was known to exist between new mains and 
hydrants.
Although it was clear from the survey that some factor 
associated with new mains favoured the presence of 
Ps.aeruginosa and other bacteria, such as coliform bacteria 
other than E.coli, every type of sample site and point 
occasionally became contaminated with Ps.aeruginosa. It was 
therefore established from both the present and past survey 
that the absence of Ps.aeruginosa from water entering the 
distribution system did not preclude its appearance in the 
water mains remote from the treatment plants.
A study of the relationship between Ps.aeruginosa and 
factors that influence the bacteriological quality of water 
in supply provided useful information on the behaviour of 
Ps.aeruginosa in the distribution system. The growth of 
Ps.aeruginosa in potable water was the most significant 
observation.
A number of factors - water temperature, source of supply, 
presence of organic materials, the integrity of the distribution 
system and the presence of chlorine - are all known strongly 
to influence the bacteriological quality of water in supply.
The relationship between these factors, shown by Hutchinson 
and Ridgway; (1.9.77), is such that an increase in water 
temperature stimulates microbiological growth and results 
in a decline in chlorine residual (due to reaction with 
organic material). The bacteriocidal action of chlorine 
is therefore at its lowest when the potential for bacterial 
growth is at its highest. Similarly a failure in .the 
integrity of the distribution system allows access to 
bacteria and organic material together and the bacteriocidal 
property of chlorine is reduced by its interaction with the 
organic material.
The temperature of the water in the distribution system 
followed a seasonal pattern throughout the period of- the 
survey but during the summer months (July - September 1976) 
exceptionally high water temperatures (>20°C) were 
experienced. Although drought conditions led to higher
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than normal -water temperatures (and reversal of direction 
of flow in some water mains) water temperatures in excess 
of 20°C due to the proximity of hot water pipes are not 
uncommon in cold water service pipes within buildings 
regardless of the season or climate. The fact that drought 
conditions prevailed for three of the thirteen months of 
the survey should be taken into account when assessing the 
overall quality of the distribution system. However, two 
severe winters led to the prevalence of low water temperatures 
(below 8°C) for five months of the survey and this probably 
reduced the impact of the warm weather on the mean bacterial 
counts. In general the extreme weather conditions facilitated 
the study of the influence of water temperature by extending 
the range of temperatures.
A marked.increase in the bacterial counts obtained from 
the distribution system was observed with water temperatures 
above 15°C and a statistical association between the mean 
count of Ps.aeruginosa and water temperatures in excess of 
15°C was demonstrated. An exponential correlation model, 
which was considered to be representative of the growth of 
unicellular bacteria, was used to examine the relationship 
between mean bacterial counts and water temperature. The 
index of correlation for the mean counts of Ps.aeruginosa 
(0.84) indicated a strong exponential relationship between 
increased counts and increasing water temperature. The 
indices of correlation for colony counts, coliforms and 
E.coli were lower and an exponential relationship did not 
appear to exist between the presence of E.coli and water 
temperature. The colony count, like the coliform count 
comprises a heterogenous group of bacteria. It is probable, 
therefore, that the observed relationship with temperature 
was a reflection of the multiplication of only~a few of 
the components of each of these groups.
The counts of Ps.aeruginosa, and to a lesser extent the 
counts of coliform bacteria and bacteria capable of growth 
at 37°G, were related to the temperature of the water in the 
distribution system and this relationship was considered to 
be indicative of the ability of these bacteria to multiply 
in water. E.coli counts in contrast were unrelated to the 
temperature of the water in the distribution system.
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The frequency of isolation of Ps.aeruginosa from the 
distribution system (7.1%) was similar to that of coliform 
bacteria (8 .1%) and showed that neither of these bacteria 
were ubiquitous in potable water. It was highly unlikely, 
therefore, that these bacteria could derive sufficient 
nutrients for growth from the distribution water alone.
The distribution system received both river-der.ived and 
well water but Ps.aeruginosa was not associated with one 
source rather than the other. As the chemical composition 
of water varies with source, the absence of a relationship 
between water source and the isolation of Ps.aeruginosa 
suggested that the nature of the water in the system exerted 
no influence on the presence of Ps.aeruginosa. It is possible, 
however, that other water sources elsewhere in the country 
subject to different methods of treatment may support 
the growth of Ps.aeruginosa. The retention of water in 
underground service reservoirs also exerted no influence on 
the presence of Ps.aeruginosa. The counts of bacteria 
capable of growth at 37°C were governed to some extent by 
the zone of supply - probably a reflection of the retention 
time of the water in the system (Hutchinson & Ridgway, 1977) . 
The absence of detectable free chlorine in the areas of 
the distibution system surveyed, coupled with low levels of 
chloramine, undoubtedly facilitated the growth of bacteria.
The capability of Ps.aeruginosa to multiply .in potable 
water was further explored in laboratory studies where it was 
shown that Ps. aeruginosa was unable to survive in tap water 
beyond two weeks, at water temperatures of 5°C and 15°C.
Limited growth was, however, observed at 15°C. Multiplication 
of Ps.aeruginosa occurred at 30°C but the growth did not 
extend the survival of Ps.aeruginosa beyond seven weeks even 
though the water was changed regularly to avoid nutrient 
depletion. Only one of the four pyocine types of Ps.aeruginosa 
exhibited growth after three weeks at 30°C. The counts 
of Ps.aeruginosa in tap water were related to temperature 
in these studies and this relationship was considered to be 
indicative of the capacity of the organism to multiply. Tap 
water alone was unable to support the persistent growth of 
Ps.aeruginosa.
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The growth of bacteria and fungi in potable water in 
contact with construction materials has been shown periodically 
since 1916 to be responsible for the persistence of these 
organisms in some areas of the distribution system (Report, 
1973; Burman & Colbourne, 1976). More recently it was 
demonstrated that many materials were also capable of 
supporting the growth of Ps.aeruqinosa (Burman & Colbourne, 
1977, 1979). In the present study a diverse range of materials 
- solder fluxes, petroleum products, coatings and rubbers - 
were shown to be capable of supporting the growth of 
Ps.aeruginosa in potable water by the technique of Burman 
and Colbourne (1977). Burman (Report, 1973) considered that 
materials containing natural products such as vegetable oils 
and fibres and mineral oils, were responsible primarily 
for the growth of coliform bacteria but it is clear from 
this study that Ps.aeruginosa more commonly utilised the 
synthetic materials such as rubbers. Bacterial biodegradation 
of rubbers has been shown to result from utilisation of the 
additives compounded into rubbers rather than the basic 
polymers (Heap, 1965) and this was also found to be true 
for the growth of Ps.aeruginosa on rubbers in contact with 
potable water. Although the final chemical composition of 
most synthetic rubbers is unknown, the growth of Ps. aeruginosa 
observed on constituents such as stearic acid, paraffin wax, 
mercaptobenzathiazoles and dithiocarbamates provided an 
indication as to the source of nutriment.
The hypothesis that construction materials encouraged. 
the multiplication and persistence of Ps.aeruginosa in potable 
water was established beyond doubt in the laboratory. The 
addition of a synthetic rubber material to the laboratory
test system significantly encouraged the multiplication
, 2 3of Ps. aeruginosa by a factor of 10 - 10 and the counts of
. . .  4Ps.aeruginosa remained m  excess of 10 per ml after the
counts of Ps.aeruginosa in the test system containing tap 
water alone had declined to less than 1 per ml.
The role played by construction materials in the 
persistence of Ps.aeruginosa in potable water seemed 
indubitable and the association between Ps.aeruginosa and 
new mains observed from the survey data was further examined 
in the light of this discovery.
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Eighteen of the new mains sampled in the summer months 
of the survey of the distribution system were coated with a 
coal tar material which was applied, hot-* Ps. aeruginosa 
was persistently isolated from water within eleven of these 
mains despite repeated flushing, disinfection and swabbing.
The organism was never eradicated from one particular main 
and notwithstanding the severe winter of 1977, Ps.aeruginosa 
was isolated from a water sample collected from this main 
20 months after its commission to service. The coal tar 
lining was tested in the laboratory and both the manufactured 
sample and the section of the coated main removed from the 
ground supported the growth of Ps.aeruginosa. There seemed 
little doubt that the coal tar lining applied to these mains 
was responsible for the association that was observed between 
Ps.aeruginosa and new mains in the survey. The Warm conditions 
at the time of installation of the mains obviously 
exacerbated the situation, and protected situations in the 
joints provided ideal conditions for growth. Nevertheless, 
the cured panel of coating supported the growth of Ps.aeruginosa 
in the laboratory and Ps.aeruginosa persisted in the main 
in spite of low water temperatures. Furthermore, the 
bacteriocidal effect of chlorine on Ps.aeruginosa was 
demonstrated in the laboratory but chlorination of the 
contaminated new main failed to eradicate Ps.aeruginosa. The 
warm conditions probably encouraged a reaction between the 
chlorine and the organic constituents of the coal tar lining 
effectively reducing the bacteriocidal action of chlorine.
Both the survey of the distribution system and the 
laboratory studies have shown conclusively that Ps.aeruginosa 
can be found in the potable water supply of London. It 
is possible that the organism gained access to the system 
from soil contaminated with faecal material because a 
small percentage (16%) of the samples that contained 
Ps.aeruginosa also contained E.coli. an indicator of the 
presence of faecal pollution. Ps.aeruginosa was not 
ubiquitous in potable water and failed to survive for any 
great length of time in tap water alone. The presence of 
a material capable of supporting the growth of Ps.aeruginosa, 
coupled with warm conditions, facilitated the multiplication 
and persistence of Ps.aeruginosa in some areas of the 
distribution system. There can be no doubt that areas of
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the distribution system where these two factors occur 
together are highly susceptible to colonisation by 
Ps.aeruginosa and plumbing systems within hospitals, factories, 
offices and domestic premises - points close to consumption 
- which run near to hot water service pipes undoubtedly 
provide ideal sites for the multiplication of Ps.aeruginosa.
Further support for these conclusions can be derived 
from the literature where the occurrence of Ps.aeruginosa 
in plumbing systems was often related to the presence of 
a material which served as a source of nutriment; e*g., 
rubber suction tubing (Rubbo et al, 1966) water filled plastic 
bags (Knappett & Jacques, 1977) diluted acrylic floor polish 
(Meers: & Grant,. 1977) and cutting fluids (Feisal & Bennet, 1961) . 
Moreover, the persistence of Ps.aeruginosa in a water service 
pipe for two years (Nemidi & Lanyi, 1971) and its presence 
in new mains (Shannon & Wallace, 1944) have both been reported. 
Materials may well have been significant on numerous other 
occasions such as the presence of Ps.aeruginosa in bottled 
waters (Geldreich et al, 1975) and ice-machines (Moody et al, 
1972) even though the authors of these studies did not 
specifically mention the materials.
The frequency of isolation of Ps.aeruginosa from water 
supplies was much higher in Israel (24.1%) than in Hungary 
(3.4%), Germany (13.5%) and the United Kingdom (7.1%) - a 
further reflection of the influence of temperature; the 
climate of Israel being far warmer than the European countries. 
Kooij (1977) also considered that temperature exerted a 
control over the presence of Ps.aeruginosa in the distribution 
system of The Netherlands but his statement that 
Ps.aeruginosa was unable to multiply at temperatures below 
20°C was not substantiated by the present study. Moreover 
the opinions of Hoadley and Cheng (1974) and Edmondson et 
al (1966) that tap water is 'toxic' to Ps.aeruginosa was 
not supported by the laboratory studies and a more probable 
explanation for the rapid die-off of Ps.aeruginosa in their 
experiments would be the absence of nutrients for growth.
Kayser et al (1975) considered that volatile, gaseous 
nutrients were responsible for the growth of Ps.aeruginosa 
in hospital distilled water and Poynter and Mead (1964) 
clearly elucidated the relationship between volatile organic
- 177 -
solvents and the growth of bacteria, including Ps.aeruginosa, 
in tap water.
A rapid rate of die-off was also observed for 
Ps.aeruginosa in surface waters (Hoadley, 1968) and the 
only exceptions were in organically enriched waters at 
30°C (Hoadley, 1968), effluent from a textile mill (Cabelli 
et al, 1976) and static sewage in warm weather (Coetze &
Fourie, 1965).
The survival of Ps.aeruginosa in all types of water, 
therefore, seems to be linked to the capacity of the water 
to support its growth. Ps.aeruginosa was unable to survive 
in water in the absence of suitable nutrients although 
once growth had been established it was apparent that 
Ps.aeruginosa could survive low water temperatures for 
extended periods of time. Hence, the presence of Ps.aeruginosa 
in potable water is dependent on the existence of 
construction materials in the distribution system that are 
capable of supporting the growth of Ps.aeruginosa.
6.2. The significance of Pseudomonas aeruginosa in potable 
water
The significance attached to the presence of Ps.aeruginosa 
in potable water is two-fold; the potential hazard to the 
health of man, animals and plants that its presence may pose 
and its growth on materials of construction, which are 
responsible for deteriorating the quality of water in supply.
In a recent review of the British approach to the 
relationship between bacterial indicators and potential 
health hazards associated with water, Barrow (1977) stated 
that: "It is axiomatic that no piped supply should contain 
any microorganism known to be virulent. It is inevitable, 
however, that it will sometimes contain microorganisms which 
may occasionally cause opportunist disease in vulnerable 
persons in special situations." Barrow (1977) further 
stressed that unusual diseases or common trivial infections 
could not be used to "justify arbitrary bacterial standards" 
for potable water without "valid medical or veterinary 
reasons". This opinion which is based on the history of
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the use of coliform bacteria and E.coli as quality indicators 
in British water supplies - which have proved to be of the 
highest quality and safety - could almost have been 
written with a discussion of the significance of Ps.aeruginosa 
in mind. This organism is renowned for its capacity to 
produce opportunist infections in both man and animals and 
the role of water supplies in the spread of Ps.aeruginosa 
has been clearly established in the literature review.
According to current knowledge, Ps.aeruginosa, holds 
a unique position as a pathogen of man, animals and plants.
The virulence of the organism in man and' animals was shown 
by Liu and Kercer (1963) to be dependant upon its ability 
to multiply in animal serum and to produce extracellular 
toxins. Liu.and Mercer (1963) demonstrated that strains 
lacking in these qualities were not virulent to animals.
Like other bacteria (e.g., Cl. perfringens) the virulence 
of Ps.aeruginosa to man and animals appears to vary from 
individual to individual and is therefore difficult to 
quantify.
Although various investigations have recommended the 
examination of drinking water for Ps.aeruginosa (Taylor,
1958) and standards for the absence of Ps.aeruginosa from 
drinking water and bathing water exist in Hungary (Hoadley, 
1977) and Germany (Muller, 1977) respectively, no 
epidemiological studies have been conducted upon which 
standards can be based. This fact is not perhaps surprising 
when many national standards, as well as an international 
standard for the bacteriological examination of drinking 
water centre on the search for faecal bacteria rather than 
potential pathogens. Epidemioligical studies have for 
the most part been conducted with a view to relating 
potential health hazards to counts of indicator bacteria 
in water.
The opinion that the presence of Ps .aeruginosa .in water 
supplies serving hospitals, renal dialysis units, pharmacies, 
manufacturing plants producing foods, milk, drinks, cosmetics, 
toiletries and proprietary medicines and dairy farms has 
nevertheless been expressed by many public health 
bacteriologists. Methods of typing strains of Ps.aeruginosa 
have frequently been used by such bacteriologists to study
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epidemiology of this organism, particularly in the hospital 
environment. One such method, pyocine typing, was therefore 
used to compare the distribution of strains of Ps.aeruginosa 
in water and clinical material.
Isolates from surface waters, sewage and potable water 
were pyocine typed by the method of Gillies and Govan (1966, 
1969) and although it was clear that Types 1 and 3 were the 
most frequently encountered strains from water and 
pathological material, several types uncommon in clinical 
material, sewage and surface waters were isolated frequently 
from the distribution system. Subtyping of the common 
pyocine types revealed that subtype If, common in treated 
water, was rare in clinical specimens and did not occur 
at all in the sewage and surface water samples examined.
One of the major criticisms of pyocine typing as a 
method of identifying different strains of Ps.aeruginosa 
has been the fact that a large majority of the strains fall 
into a relatively small number of different types (Bergan, 
1975) . This problem was, however, overcome by affording 
the subtypes the same status as the other pyocine types. 
Using this single status basis, one strain, Type 3, was 
found to be the most common strain from every source. It 
did, however, appear that Types If, 30 and 31 occurred more 
frequently in the distribution system than pathological 
material, sewage and surface waters; perhaps suggesting 
that these strains originated from a. source unrelated to 
man and animals. Another possible interpretation of this 
data could be that these strains were better adapted for 
growth in the distribution system. Laboratory studies using 
pyocine Types lc,lf, 30 and 62 established, however, that 
strains lc and 62, rare in the distribution system were 
as capable of growth on materials in contact with potable 
water as Types If and 30. Moreover, all four strains were 
unable to persist in tap water alone.
Bergan1s' opinion (1975) that in general pyocine types 
of Ps.aeruginosa showed no difference in their biological 
properties, was therefore substantiated by the laboratory 
study and it would seem correct to attribute differences 
in the distribution of pyocine types to geographical and 
seasonal factors as did Singh and Chitkara (1976).
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Few studies of the distribution and behaviour of 
pyocine types have found any evidence to attribute particular 
virulence to different types although Tinne (1977) concluded 
that one strikingly individualistic subtype of Type 10 was 
highly virulent. However, many of the strains present in 
water were frequently found in pathological material and 
whilst the presence of the organism in a clinical specimen 
does not in itself mean that it was the cause of the patient's 
illness, it was apparent that the most common strain of 
Ps.aeruginosa in potable water was- also the strain most 
frequently found in infected patients.
There is, therefore, no substantive evidence to suggest 
that strains of Ps.aeruginosa in potable water differ 
biologically from the strains that infect man, animals and 
plants and the opinions of Richards (1975) and Hoadley 
(1977) that Ps.aeruginosa presents at least an indirect 
hazard to the health of susceptible individuals when present 
in potable water seems to be correct.
It would be wrong to impose a standard on water supplies 
that was impossible to achieve in practice. Two of the 
most important requirements for.a standard - the existence 
of a simple, rapid and reliable method that unequivocally 
demonstrates the presence of the organism in potable water 
and the feasibility of minimising the presence of the 
organism in water supplies - have been shown to be attainable 
for Ps.aeruginosa.
Standards employing coliform bacteria, which are universal 
have proved to be operative in practice and for this 
reason the fact that the frequency of Ps.aeruginosa in the 
distribution system was no higher than the level of coliform 
bacteria suggests that in terms of bacterial numbers it 
may also be feasible to set standards relating to the 
presence of Ps.aeruginosa. The absence of Ps.aeruginosa 
and coliform bacteria from water entering the distribution 
system showed that the treatment processes efficiently 
removed these bacteria from raw water. The appearance of 
of both of these bacteria in the distribution system must 
therefore depend to a large extent on the integrity of the
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distribution system. Chlorination is considered to be an 
important method of controlling bacterial aftergrowths in 
the distribution system (Hutchinson & Ridgway, 1977) . The 
laboratory studies of the bacteriocidal action of free 
chlorine and chloramine (the more common form of chlorine 
in the distribution system) showed no substantial differences 
between the survival of E.coli and Ps.aeruginosa
The persistence of Ps.aeruginosa in the distribution 
system was demonstrated in the present study to be related 
to the presence of a material capable of supporting its 
growth, but coliform bacteria have also been demonstrated 
to be capable of multiplication on jointing materials and 
tap washers giving rise to their presence in distributed 
water (Report, 1973) . There are therfore no grounds, based 
on the usage of existing bacteriological standards, to 
presume that an equivalent standard relating to Ps.aeruginosa 
would be inoperative.
The membrane filtration method used to isolate 
Ps.aeruginosa from the distribution system proved to be an 
effective method of enumeration both in terns of time and 
cost. The medium designed by Drake (1966) contained ethanol 
as an energy source and the balance of magnesium chloride 
and potassium sulphate was optimal for the production of the 
pigment pyocyanine. The development of both fluorescein 
and pyocyanine facilitated presumptive counts of Ps.aeruginosa 
after 48 hours and the confirmatory procedure based on 
milk agar (Brown & Scott Foster, 1970) required only a 
further 24 hours incubation. The total time required 
to procure a confirmed count - three days - compares 
favourably with existing standard methods for the enumeration 
of bacteria from water (Report 71, 1969) .
The taxonomic study of 343 potable water strains of 
Ps.aeruginosa isolated by this method revealed that 98% were 
capable of producing fluorescein and 91% pyocyanine. The 
presumptive count, which is dependent on the production of 
these pigments, therefore proved capable of enumerating 98% 
of the strains of Ps.aeruginosa found in the distribution 
system. The milk agar confirmatory method was, however, 
capable of distinguishing between the non-pigmenting strains
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of Ps.aeruginosa and other bacteria that grew on the primary 
isolation medium. These bacteria were identified as E.coli, 
Aeromonas hydrophila and Citrobacter freundii. It should, 
however, be mentioned that some strains of Ps.fluorescens 
and other non-pigmenting pseudomonads, such as Ps.stutzeri 
are capable of growth on ethanol (Stanier et al, 1966)-. 
Inability to hydrolyse casein separates strains of 
Ps.fluorescens capable of growth at 41.5°C from non- 
pigmenting strains of Ps.aeruginosa, but strains of Ps.stutzeri 
resistant to •cetrimide* and capable of casein hydrolysis 
at 41.5°C would not be distinguished from non-pigmenting 
strains of Ps.aeruginosa by this method.
The strains of Ps.aeruginosa from potable water conformed 
to the definitions ascribed to this species by Jessen (1965) 
and Stanier et al (1966) with the notable exception of the 
egg yolk reaction. This difference was attributed to a 
variation between the test methods used and it would be 
unwise to include this characteristic in future definitions 
of the species until the mechanism of the egg yolk reaction 
within the species has been fully investigated. In conclusion, 
therefore, the taxonomic study of the strains of Ps.aeruginosa 
isolated from the distribution system showed that the 
method of enumeration unequivocally demonstrated the 
presence of Ps.aeruginosa in potable water.
Despite the fact that the imposition of a standard 
relating to Ps.aeruginosa in potable water has been proved 
to be a practical proposition the public health criterion, 
which according to Barrow (1977) is the most important, 
was not fully evaluated in this study because it is dependent 
on medical and veterinary authority. The overall opinion 
formed by the author from the review of the literature 
leaves no room for doubt that there are potential health 
hazards, appertaining to the presence of Ps.aeruginosa in 
potable water. A medically based study on this problem 
should therefore be made in the very near future.
It was abundantly clear from the study, however, that 
Ps.aeruginosa satisfied few of the criteria that would 
recommend its use as an indicator of faecal pollution in 
water. The search for bacterial indicators of faecal
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pollution such as E.coli, remains the most important purpose 
of the bacteriological examination of potable water supplies 
and several workers have considered that the presence of 
Ps.aeruginosa in water is indicative of faecal pollution. 
Hoadley (1968) concluded that this theory was true for 
surface waters but three major studies of potable water 
(Reitler & Seligmann, 1957; Nemidi & Lanyi, 1971; Schubert 
& Blum, 1974) failed to demonstrate any correlation between 
Ps.aeruginosa and faecal indicator bacteria. A consideration 
of the suitability of any bacterial species to act as an 
indicator of faecal pollution must include as assessment 
of the ideal requirements of a bacterial indicator. These 
requirements were summarised by Bonde (1977) as:-
1. It (the bacterial species) must always be present 
whenever pathogens' are present.
2. It must be present, only when the presence of 
pathogens is an imminent danger.
3. It must occur in ..greater numbers than the pathogens.
4. It must be more resistant to disinfectants and 
the aqueous environment than pathogens.
5. It must grow readily on simple media and yield 
characteristics that allow an unambiguous 
identification of the species.
It is probable that such an ideal indicator of pollution 
does not exist, but E.coli which satisfies many of these 
criteria has been traditionally accepted as an indicator of 
faecal pollution. A study of the relationship between E.coli 
and Ps.aeruginosa in the distribution system therefore 
seemed an appropriate means by which the adequacy of 
Ps.aeruginosa as an indicator of faecal pollution could be 
evaluated.
It was demonstrated both by inspection and statistically 
that Ps.aeruginosa was not associated with E .coli, coliform 
bacteria or bacteria capable of multiplication at 37°C in 
the water samples collected from the distribution system. 
Furthermore, no association between E .coli and Ps.aeruginosa 
could be found at any type of sample site or point. These 
results concurred with the findings of Reitler and Seligmann 
(1957), Nemidi and Lanyi (1971) and Schubert and Blum (1974) 
and demonstrated statistically the lack of correlation 
between Ps.aeruginosa and E.coli in potable water. The 
appearance of E .coli in the distribution system in the absence
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of Ps.aeruginosa showed that Ps.aeruginosa would be an 
inadequate choice for a bacterial indicator of pollution.
Materials of construction have been shown repeatedly 
to give rise to problems of unacceptable taste and taint 
in water. These tastes arise either directly from leachable 
constituents of the material or indirectly due to growth 
of microorganisms such as fungi and actimomycetes. Materials 
have also been shown to impart toxic metals and cytotoxic 
components to water in supply. The growth of Ps.aeruginosa 
on 25% of these unsuitable materials makes this organise 
a good indicator of the presence of undesirable materials 
in both distribution and plumbing systems. In view of the 
role of materials in the maintenance of both the integrity 
of distribution systems and the quality of the water, the 
introduction of a standard relating to the usage of materials 
in contact with potable water would seem advantageous.
The introduction of such standards, relating to chemical, 
physical, toxicological and microbiological parameters 
within the area of the Thames Water Authority has already 
proved to be of value (Burman & Colbourne, 1979) but nationally 
agreed standards would be more acceptable to both the Water 
Industry and the manufacturers of materials.
The presence of Ps.aeruginosa in certain areas of the 
potable water supply of London is beyond doubt and leaving 
aside both the potential health hazard that the organism 
poses to certain individuals in the community and its 
detrimental effect on industry, the significance of the 
presence of Ps.aeruginosa is its role as an indicator of 
the use of materials unsuitable for use in contact with 
potable water.
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APPENDIX I
N A T I O N A L  C O L L E C T I O N  OF T Y P E  C U L T U R E S
(Public Health Laboratory Service)
Telegrams: DEFENDER LONDON NW9 
Telex: 922094 (DEFEND G)
Telephone: 01-205 7041
CENTRAL PUBLIC HEALTH LABORATORY, 
COLINDALE AVENUE,
L O N D O N  NW9 5HT
Your refi JSC/CD 
Our ref: 790835
17th May, 1979
Dear Mrs Colbourae,
Re: Egg yolk re-actions, Pseudomonas aeruginosa
Thank you for your letter of the 15th May* The results of the 
egg yolk re-action for the three strains you have received and -which 
I quoted in my letter of the 8th May were taken from our NCTC routine 
records* However one section of the NCTC, the Computer Identification 
Laboratory, has checked all our Ps*aeruginosa strains independently 
and in a more standardized fashion* The Computer Laboratory results 
show them all to be positive.
Jessen uses a different method and as is wellknown between 
laboratory reproducibility of tests results often become very poor if 
the methodologies are changed. Talking to some colleagues about this 
particular test apparently it is greatly influenced by the ionic strength. 
(Some other tests, e.g. casein, are similarly affected.) There is a paper 
by Liu (1961 J.Infect.Dis., Vol.108, page 218) in which he found egg yolk 
reaction for Ps.aeruginosa to be positive and he discusses the discrepancy 
of this finding with those of Jessen.
I hope these comments are of some use to you.
Mrs J.S. Colbourae,
Thames Water,
New River Head Laboratories, 
177 Rosebery Avenue,
London EC1R 4TP.
Your° i ~
~L.R. Hi 
Acting Curator
Grosvenor Road, Belfast, BT12 6BN
Professor K. B. Fraser Tel. 40503 Ext. 408
Professor R. R. Gillies Our ref. Your ref.
16th February 1977
Mrs. Jennifer S. Colbourne 
Assistant Microbiologist, 
Thames Water
New River Head Laboratories 
177 Rosebery Avenue,
LONDON, EC1R 4TP.
Dear Mrs. Colbourne,
Your letter has been forwarded to my new address. I have had a quick 
look through our extended list of types and the only one pattern which 
seems to tie in is that your strain 4 is type 70. Our environmental 
work did not show any peculiar distribution but we were of course working 
in hospital and there would be a mutuality between the patients and the 
environment.
I am enclosing a copy of our extended list of types.
Yours sincerely,
R.R. Gillies.
Inhibition patterns o£ pyocine fcyp.es Qf Pseudomonas 
aeruginosa using the Gillies and Govan method
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Tyne 1 2 3 4 5 6 7 8
1 + +
4.
+ + + - + +
2
3
I •+ T+ + mm + mm + 
I
4
p“
+ + + + +
j.
- - +
5
6 + + + + 
1 T
+ + ^  '
7 + + + — _ — + +
8 _ . + + • + — — + _
9 _ _ _ — + _ _
10 • + + + + + + + +
11 + + + — — — + _
12 + + _ + + _ _ +
13 _ — _ + _ __ +
14 __ + — _ + _
15 _ + _ _ + _ + __
16 + _ + + _ — + +
17 _ — + — __ __ + __
18 + — + + + — + +
19 — _ + + _ __ + _
20 _ _ • ~ _  - + + _ _
21 _ + — + + — _ _
22 + + + _ + + + _
23 + — _ _ + _  ■ + __
24 — — + + + — + +
25 + — + — _ __ + __
26 + _ _ __ __ + _
27 + — + — + _ + _
28 — — — + i ” — + __
29 _ + _ __ + _ _ _
30 — + +
31 — _ _ — — _ + _
32 _ _ _ + + — __ +
33 + + + + + + + _
34 — _ — _ _ .. _ +
35 + + _ _ + _ + _
36 — + _ + _ _ +
37 — + + + + _ + _
38 — + + — _ — + _
39 _ + + + — — + +
40 + . + — ■ — + — _ _
41 + + _ + — + _
42 _ — + — _ _ + +
43 — + + + + — + +
44 + + + — + _ _ _
45 + + + _ + _ + +
46 + + + + _ _ Hr _
47 — _ + _ _ + + _
48 + + — — + + + _
49 _ — + — + — — _
50 _ _ + _ _ _ _ _
51 + + + + . — _ _ +
52 + + _ _ + + _ _
53 _ + — + + _ _ +
Pyocine Inhibition of indicator strain No.
Type 1 2 3 4 5 6 7 8
5 4 - + + +
55
56 -
57 - + + + _ _ -  +
58- + + +
59 -
60 + +
61 +
62 + + + _ _ + + _
63 + - ' +  + ■ + -  + -
64 +
65 +
66 _ + + _ +
67
6 8
69 _ + + _ _  + + _
70 - + - +
71 _ + _ + _
72 - +
73 - +
74 _ + + _ _ _  + +
75 + _  + + _ + + _
76 + + _ + + + + _
77 _ + + +
78 _ + _ + _ + + +
79 +
80 - + - + - -  + +
81 _ + +
82 - + - -  + - + +
83 - - -  + + - + +
84 - + _
85 _ + _ +
86 _ + + _
87 _ + + + _ + _ +
88 + +
89 _ + + +
90 - - + ' + ■ _ ■ _
91 _ - + + +
92 - . - + + ' + - +
93
94 + _ _  + + _ _  +
95 + - + _ _ + +
96 + - + + -
97 + _  + + + _ _  +
98 + - + + _ _ + _
99 + _  + + + + + +
1 0 0 + + _ _ _  + + _
1 01 + + - - + +
1 0 2 + - + + _
103 _ _ _  + + + _ +
104 +
105 + + + + _ _  + +
APPENDIX II
The Effect of Plumbing Materials on Water Quality
by Dr. N. P. Burman and Jennifer 
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study of the water quality problems asso-
d a ted  with materials and fittings, and M rs. Reproduced from
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For many years in the history of water 
treatment and distribution the only 
materials that were widely used in contact 
with potable water were concrete, iron and 
.steel, the non-ferrous metals zinc, copper, 
brass and lead and various materials used 
in pipe joints, tap washers and pump and 
valve gland packings. In recent years a 
whole host of new materials derived mainly 
from the plastics industry has been 
advocated and used in a variety of aquatic 
situations. The water chemist and 
bacteriologist responsible for maintaining 
water quality must therefore take an active 
interest in the effect of all these materials 
on the quality of the water with which they 
come into contact.
One of the first materials shown to 
cause deterioration in the bacterial quality 
of water was the leather washer. Dr. 
Alexander Houston, the first Director of 
Water Examination of the Metropolitan 
Water Board showed in 1916 that some old 
leather washers in what he called a 
"susceptible" condition supported abun*
. dant growth of a particular strain of 
coliform organisms which he called the 
"leather bacillus". Leather washers have 
in more recent years been associated with 
unsatisfactory bacteriological results and 
mouldy tastes due to the growth of fungi 
on them.
Further work at the Metropolitan Water 
Board in 1950 showed that jute yarn used 
as a caulking material for run lead joints 
in mains and in pump and valve gland 
packings caused deterioration of bacterial, 
quality of water in the distribution’ 
system. This material was particularly 
effective in supporting a persistent growth 
of coliform organisms.
Coliform organisms growing on lubri­
cating oil in a pump dealing with sulphur 
dioxide solution and in diluted cutting oil 
in a force pump also caused pollution 
incidents in 1955 and 1957.
Water scientists throughout the country 
have taken a considerable interest in the 
obvious direct effects of materials on 
water quality, especially with regard to 
taste and odour, and toxicity.
Bituminous coatings or paints were 
incriminated by Harold st the Metro­
politan Water Board in 1936 for imparting 
a naphthalene taste to water. The subject 
was referred to again by Mackenzie, his 
successor at the Metropolitan Water Board 
in 1946, and a British Standard (BSS 
3416) now includes a soecification for 
bituminous paints suitable for use in 
contact with potable water.
Microbial Growth
The ability of some modern materials 
to support microbial growth and the result­
ing problems were not so generally recog­
nised but the marked increase that has 
occurred during the last decade in the 
manufacture of new materials for use in 
contact with potable water has made it 
necessary for the water industry to 
evaluate such materials for their ability to 
support microbial growth and attempt to 
minimise any deterioration in the water 
quality.
It is well known that aerobic micro­
organisms are dependent on the presence 
of carbon, nitrogen, oxygen and some 
mineral salts for multiplication, and in the 
case of many organisms, additional 
nutrients are also essential. Water in 
supply normally contains sufficient oxygen, 
nitrogen and mineral salts to support 
microbial growth, but any carbon com­
pounds present are not normally adequate 
in quantity or availability to support suffi­
cient microbial growth significantly to 
affect the quality of the water. The role 
of the materials in contact with the water 
then, is to donate sufficient carbon to the 
system to facilitate multiplication of micro­
organisms. The exact mechanism involved 
will depend upon the composition of the 
material, the types of micro-organisms 
involved and the localised conditions.
Mouldy tastes arising in internal plumb­
ing systems have been shown to be asso­
ciated with the growth of fungi (the 
common moulds) in the plumbing, but 
growth does not occur without some suit­
able material to grow on and a study by 
the present writer in 1968, of some 
materials commonly used in plumbing 
showed that some of them could support 
such growth.
Consumer Complaints
The Thames Water Authority investi­
gated 859 complaints of water quality in 
1974, and approximately 50 per cent of 
these complaints were of taste, odour or 
turbidity, due to deterioration on the con­
sumers' premises, presumably mainly from 
growth on unsuitable materials used some­
where in the plumbing system, often 
accentuated by environmental conditions 
such as local warming, together with long 
periods of no flow or very little flow. It is 
impossible for the Water Authorities to 
investigate all of the complaints in suffi­
cient detail to determine the precise nature 
and origin of the material supporting 
growth, as they are not responsible for the 
condition of plumbing and fittings on con­
sumers' premises. ^
The basic testing scheme devised for 
this purpose at the Metropolitan Water 
Board in the late 1940s has been further 
developed in the light of more extensive 
microbiological research and subsequently 
adopted by the National Water Council 
Approvals Board. The microbiological test 
covers the following micro-organisms—  
coliform organisms which are widely 
recognised as indicators of pollution and 
all international standards recommend their 
total absence from treated water supplies; 
bacteria capable of growth at 37°C and 
22°C; the potential pathogen Pseudomonas 
aeruginosa, fungi which are commonly 
associated with problems of taste; yeasts 
which are often associated fungi; and the 
growth of micro-organisms in a sufficient 
abundance to be visible to the naked eye 
as turbidity in the water or films of growth 
on the material which may or may not flake 
off into the water. During 1973 to 1975, 
the Thames Water Authority examined by 
this method 288 materials which can be 
classified into the following broad 
categories:—
% of total
% rejected 
micro- 
biologically
Rubber materials 41 68
Plastics materials . 20-8 25
Jointing materials 10 52
Glass reinforced plastics 14*6 60 • *
Paints and coatings 7-3 48
Packing materials 4-2 84.
Greases and lubricants 2-4 43
Fifty-five per cent of these materials 
gave an unsatisfactory microbiological 
result and, as a consequence, further work 
is at present being undertaken to assist 
many of the manufacturers of these 
materials in their search for suitable 
alternatives.
Plumbing Materials
The category of materials giving greatest 
concern to the building industry, the joint­
ing materials for potable water pipework, 
had a rejection rate of 52 per cent and the 
search for suitable alternatives is 
encountering some problems because new 
materials which are suitable micro- 
biologically are not always acceptable 
mechanically and physically, or are not yet 
available in adequate quantities.
The testing procedure used in the Metro­
politan Water Laboratories relates solely to 
the effect of materials on the quality of the 
water with which they come into contact 
and does not cover fitness for purpose. 
This testing procedure has been applied to 
materials used directly by the plumbing 
trade, to materials used for manufacture of 
components for water fittings and to the 
components and water fittings themselves 
and is normally applied to all non-metallic 
materials including paints and coatings, 
packing materials, jointing compounds, 
fluxes and lubricants as well as com­
ponents of fittings. It is expected that the 
cost of testing would normally be borne by 
the manufacturer of the material if it is 
produced specifically for the water supply 
industry or is recommended by them for 
use in the water supply industry; or by the 
manufacturer of components for use in the 
water industry. It is not expected that 
wholesale or retail suppliers should bear 
this cost.
Because of the multiplicity of materials 
available, only limited ranges have been 
subjected to the full testing procedure. 
But it should be assumed, unless proved 
otherwise by full testing, that all jointing 
materials based on linseed oil or any other 
vegetable oil, or on shellac and all grease 
type fluxes and tallow or other animal fats 
and all vegetable fibres including jute and 
hemp, unless treated with an approved 
biocide, and all vegetable tanned leather 
will support abundant microbial growth so 
that their use would not be approved.
All mineral oils and greases will support 
some microbial growth, though in some 
instances this is insufficient to have a 
significant effect on the test procedure 
and some have been approved. But in the 
present- state of the oil industry these 
products can be very variable with new 
materials obtained from varying sources so 
that they can be unpredictable from the
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The soft polyurethane and polysuiphide 
jointing compounds not only support abun­
dant growth but the polymer molecules are 
broken down and biodeterioration proceeds 
to a stage where the material disintegrates 
and loses its physical properties and water 
holding capacity.
Two recent examples of serious 
problems resulting from the use of linseed 
oil based jointing compounds, one in a 
system in which soldering flux had also 
been used, delayed the opening of a large 
building in Central London due to con­
tamination of the water supply, and 
rendered a new supply to a neurosurgical 
unit in a London.hospital unusable until the 
joints in the plumbing system had been 
remade.
measure until such time as determined by 
the National Water Council Approvals 
Board and subject to the mechanical and 
toxicity tests being satisfactory and there 
being no evidence over the last three years 
of complaints of taste and odour, colour 
and turbidity in the water passing through 
or over the materials from which the fitting 
or components are made, the Board is pre­
pared to consider a fitting for provisional 
acceptance before full test results have 
been obtained provided that the manu­
facturer or supplier agrees to subject the 
materials of the fittings or the components 
of the fittings in question to such tests as 
the Board may require and abide by the 
results of the tests; the Board requires the 
manufacturer to obtain the results of his 
test within 12 months from the date of the 
provisional acceptance.
If the results of the tests are not satis­
factory the Board is prepared to consider 
allowing the reference to a fitting to remain 
on the National Water Council "Classified 
List of Fittings Provisionally Accepted" for 
a further period of twelve months from the 
date of the National Water Council 
receiving the unsatisfactory test results, in 
order to give the manufacturer the oppor­
tunity to obtain an alternative satisfactory 
material. If an alternative satisfactory 
material is submitted and accepted during 
the twelve month period of grace the 
reference to the fitting will be transferred 
from the "Provisional List" to the National 
Water Council "Classified List of Fittings 
Accepted".
In August, 1975, the Thames Water 
Authority indicated that they were not pre­
pared to approve installations with jointing 
compounds and materials that did not con­
form to these test requirements but it is 
recognised that satisfactory alternatives 
may not be immediately available in suffi­
cient quantities for all purposes, so that the 
timing for introduction of new jointing 
materials and techniques become signifi­
cant. It is justifiable, therefore, to allow 
time for the development and introduction 
of new materials and new or modified 
techniques or codes of practice, and pro­
vided that progress can be seen to be in 
this direction, and that the practices out­
lined above are followed, a postponement 
of enforcement for approval of all materials 
would be reasonable up to 12 months in 
the first instance, say 1st September, 1976. 
Progress will be reviewed and considera­
tion given to the need for any further 
extension.
Right: Plasticized PVC finings from complaints 
of mouldy tastes in the water.
Below: Plasticized PVC finings in tap water 
showing development of abundant bacteria! and 
fungal slimes.
Below (Right): Cultures of Fungi from materials 
which have supported their growth when in 
contact with water.
(Photograph by courtesy o f the Thames W ater Authority)
microbiological point of view and can vary 
from batch to batch.
PTFE tape and all PTFE based materials 
and all silicone products can be expected 
to be microbiologically inert provided that 
they do not contain other materials in their 
compounding which would support growth. 
Not all products in these categories have 
been examined but where difficulties are 
encountered in obtaining suitable approved 
materials it may be assumed that PTFE and 
silicone products are satisfactory until lists 
of approved materials are available. Where 
it is necessary to develop new products, 
these materials could be a good starting 
point.
With regard to fluxes, until such times 
as lists of approved materials are available, 
preference should be given to the use of 
water-solubie or water-dispersible pro­
ducts, as even if these are capable of 
supporting microbial growth they would be 
flushed out by the water soon after installa­
tion. If approved alternatives are not avail­
able, codes of practice should be adopted 
that ensure use of minimal quantities in 
such a way that no residues are left on the 
insides of pipes or fittings.
There has been a tendency to assume 
that most products of the plastics industry 
and natural and synthetic rubbers are 
microbiologically inert. But this is far 
from being true, for among the vast range 
of products and modifications of formulae 
that are available now and constantly being 
added to, there are many which are 
capable of supporting microbial growth, 
especially when in permanent contact with 
water. One of the worst offenders in this 
respect is plasticized PVC which is used 
for flexible pipes and hoses and domestic 
anti-splash nozzles on taps. The plasticizer 
which may be any one of numerous types, 
in these materials, is capable of supporting 
growth of numerous bacteria and/or fungi 
causing turbidity, visible clumps of 
bacteria or fungi, or mouldy or mustv or 
decayed vegetable tastes or odours. Rigid 
unplasticized PVC commonly used for cold 
water services is, however, quite free from 
this problem.
Application of Byelaws
The Water Supply Byelaws contain 
clauses prohibiting the consumer from 
taking any action or installing any fitting 
which causes contamination, mis-use, 
undue consumption or waste of water. 
Contamination is interpreted as any 
deterioration in quality of the water, irres­
pective of whether it is injurious to health. 
Waste of water can occur by consumers 
flushing the tap to waste to get rid of bad 
tasting, turbid or dirty-looking water before 
using it for drinking or other purposes. 
Water Authorities have the right to insist 
on the correction of faults of this nature.
In order to ensure conformity with these 
byelaws, the National Water Council 
Approvals Board requires that all materials 
and fittings for use in contact with potable 
water must give satisfactory results when 
examined by the procedures developed at 
the Metropolitan Water Board and sub­
sequently the Thames Water Authority and 
now carried out by three approved labora­
tories, before approval can be given.
As some materials and components 
which have been in use for many ye°rs 
have given unsatisfactory results in these 
tests, and as some difficulty could be 
experienced in obtaining satisfactory 
alternative materials and components 
within a reasonable time, as an interim
British Standards
Numerous British Standards relating to 
materials and fittings used in contact with 
potable water contain clauses specifying 
that they must be non-toxic, and that they 
must not produce any taste, odour, colour 
or turbidity in the water and that they must 
not support microbial growth when in 
contact with water. Many other British 
Standards are including similar clauses on 
revision and they are also beginning to be 
included in International Standards. There 
is not, however, as yet a British Standard 
test procedure to ensure conformity with 
such clauses, but the publication of the 
current Thames Water Authority/National 
Water Council method as a British 
Standard is currently under consideration, 
although it is recognised that the methods 
are still evolving and are not yet finalised 
in some of their details.
The Thames Water Authority is con­
tinuing research into this problem in two 
directions: (1) to continue development 
and standardisation of the test procedure, 
and (2) to co-operate with manufacturers 
-and their associations In the development 
of satisfactory products. Requests for the 
routine testing "of materials and com­
ponents are currently being received and 
processed at the rate of about 40 to 50 
samples a month.
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Water samples from plumbing installations have often been of poorer microbiological quality 
than samples collected from the distribution main. This deterioration is often associated with a 
musty taste or visible turbidity in the water and slimes have sometimes been observed on water 
fittings. A technique to assess the ability of plumbing materials to support microbial growth is 
described and the most common categories of materials capable of supporting growth are 
identified. The most significant micro-organisms frequently found to grow on unsuitable 
materials were coliform organisms, especially members of the genus Citrobacter, Aeromonas 
hydrophila, Pseudomonas aeruginosa and fungi.
F o r  many y e a rs  the only materials that were widely used in contact with potable 
water were concrete, iron and steel, the non-ferrous metals zinc, copper, brass and lead 
and various materials used in pipe joints, tap washers and pump and gland packings. 
One of the first materials shown to cause a deterioration in the bacterial quality of water 
was the leather washer (Houston 1916) which supported growth of a particular coli­
form organism. Coliform organisms in the local water supply have also been traced to 
lubricating oil in a pump delivering sulphur dioxide (Anon. 1955) and diluted cutting oil 
in a force pump (Anon. 1957).
The recognition of microbial growth on common plumbing materials has led to de­
tailed investigations of consumer complaints. In 1974, for example, the neurosurgical 
unit in a London hospital was unusable until all the joints in the system were remade, 
the bacterial count at 22 °C being 250 000 ml-1 in the water cistern supplying the 
surgeons scrub-up area. Problems have also been encountered in the food and soft 
drinks industry and in water softening units used by home dialysis patients.
Sometimes the growth of micro-organisms has led not only to a change in water 
quality but to biodeterioration of the material concerned. Ten-year inspections of two 
underground service reservoirs constructed in 1961 revealed that the polyurethane 
jointing material had been colonized and partially destroyed by fungi to such an extent 
that some leakage had occurred. A  similar situation was observed in a third reservoir 
inspected after 11 years, where a polysulphide sealant had been used (Anon. 1970).
One material which has repeatedly given rise to consumer complaints is plasticized 
polyvinyl chloride, particularly in the form of coloured anti-splash devices. Flexible 
tubing of this nature is often used in the construction of drinks vending machines and
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drinks from these have been seen to contain flakes of growth; the warm environment 
and periods of little or no flow encouraging multiplication of micro-organisms.
As a result of the introduction of many new materials, especially plastics and rubbers, 
into the water industry it has become necessary to evaluate such materials for their 
ability to support microbial growth in an attempt to minimize any deterioration in water 
quality. This paper describes the techniques used for this purpose and presents the data 
obtained from the 288 materials examined.
Materials and Methods
The method is based upon the three-day cycle method of Calvert (1939) and is designed 
to reproduce as far as is possible the conditions of intermittent flow. As the water supply 
is not necessarily a closed system, organisms from the environment which are capable 
of utilizing nutrients from the samples are included in the method.
Glassware
Two-litre wide necked flasks covered with Petri dish lids were used as the containers. 
Each flask was filled with a 3*5% (v/v) solution of Decon 90 (Decon Laboratories 
Limited) and steamed for 2 h to remove grease. When cool the flasks were rinsed twice 
with tap water and finally with distilled water. After draining, the flasks were dried in a 
hot air cabinet and covered.
Choice o f  premises
The premises used were free from traces of volatile organic chemicals in the atmos­
phere, to ensure that any microbial growth present in the test flasks was due to the pre­
sence of the test materials. Ethanol, in particular, has been found to dissolve in exposed 
water surfaces producing abundant microbial slimes (Poynter &  Mead 1964). This is an 
important consideration when carrying out these tests on factory premises.
Inoculum
The inoculum was River Thames water from the inlet to Walton upon Thames Water 
Treatment Works. A  river water abstracted for potable water was chosen because it 
was hoped that it would contain a variety of micro-organisms capable of utilizing 
organic materials and that inhibitory toxic wastes would be absent. It was found that a 
100 ml inoculum contained between 100 and 1000 coliform organisms, and sufficient 
numbers of other micro-organisms including Ps. aeruginosa. River water was collected 
in the early morning on the day of the test.
Growth assessment techniques
A sample of each test material, approximately 150 x 50 x 50 mm, was placed in a 
flask to which 100 ml'of raw river water was added. A flask containing no material, 
served as a control. The flasks were then filled to 1 1 with mains tap water and four
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drops of a N/40 solution of sodium thiosulphate were added to remove any residual 
chlorine present. The flasks were covered and incubated at 30 °C in the dark.
Twice a week all the water, except 10 ml, was removed from each flask and replaced 
with 990 ml of dechlorinated fresh mains tap water. At weekly intervals prior to the 
water change, samples of water were withdrawn from each flask for quantitative 
analysis. An examination for visible growth was also made. This procedure was con­
tinued for a minimum period of six weeks.
Enumeration techiques
The volumes of water given below were those used for the initial analyses and they were 
varied for subsequent analyses to obtain the most accurate count.
Coliform organisms were enumerated using the membrane filtration method and 
standard confirmatory tests (Anon. 1969).
Bacteria capable of growth at 37° and 22 °C were counted using the standard pour 
plate method (Anon. 1969). Incubation was either for 48 h at 37 °C or for 72 h at 
22 °C.
Fungi were enumerated using membrane filtration. 100 ml of water was filtered and 
the membrane placed on a plate of Rose Bengal Agar (Martin 1950) which contained 
kanamycin (Winthrop Laboratories) at a final concentration of 100 pg ml-1. Incubation 
was for 5 d at 23 °C.
Ps. aeruginosa was also enumerated using membrane filtration. 200 ml of water was 
filtered and the membranes placed on sterile filter pads (Whatman No. 17) saturated 
with Kings A  Broth (Drake 1966) and incubated at 37 °C for 48 h. The presumptive 
count was obtained by counting the green colonies that fluoresced under an ultraviolet 
lamp of 350 nm wavelength. Confirmation was achieved by subculturing representative 
colonies on Milk Agar (Brown &  Scott Foster 1970) containing 0-03% cetrimide. 
Incubation was for 24 h at 41-5° ± 0*5 °C. The production of fluorescein and 
pyocyanine pigments and the occurrence of casein hydrolysis on this medium at this 
temperature was taken to be confirmatory for Ps. aeruginosa.
Each flask was shaken and examined for flakes of growth or turbidity in the water. A  
surface smear of each material was Gram stained and examined microscopically.
Results
Interpretation
Any sample, from which the bacterial or fungal colony counts exceeded ten times the 
counts in the control flask on three consecutive estimations was said to support 
microbial growth. The tests were therefore continued for as long as initial high counts 
were declining or until they had remained below the te.n-fold limit for three consecutive 
estimations. The usual period required for this to occur was 6-8 weeks. Where a very 
low count occurred in both the test flask and the control flask, an absolute limit was im­
posed below which the material was said not to support growth. These limits were 
determined by comparing the counts obtained from a series of control flasks and are 
given in Table 1.
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T a b le  1 
Absolute limits fo r  colony counts
Micro-organisms
Maximum limit below 
which a count is acceptable
Coliform organisms 0/100 ml
Pseudomonas aeruginosa 0/100 ml
37 °C bacterial colony count 100 ml
22 °C bacterial colony count 10 000 ml
Fungi 100/100 ml
A  material was said to be unable to support the growth of Ps. aeruginosa and coli­
form organisms if these organisms were absent from 100 ml on three consecutive 
estimations and able to support microbial growth if a confirmed visible film was present 
at the end of the test period.
24
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Fig. 1. Coliform counts obtained from three materials under test for a period of seven weeks. O, 
Control; A , Material A; □, Material B; ■, Material C.
The results obtained from each material followed one of three general patterns 
illustrated by the coliform growth on Materials A, B and C in Fig. 1. Material A  gave 
similar results to the control flask and did not support growth. Materials B and C did 
support growth but in the case of Material C it was for a limited period of 3-4 weeks, 
and after 6 weeks coliform organisms could no longer be isolated. Materials which 
followed either pattern A  or C were accepted for use in contact with potable water, 
whilst pattern B materials were not acceptable.
Micro-organisms capable o f  growth on the materials examined
During 1975, 75 of the materials examined supported microbial growth and the micro­
organisms concerned are given in Table 2. No attempt was made to identify the bacteria
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T able 2
Microbial growth observed on 75 materials examined throughout 1975
Micro-organisms % of materials supporting growth
Bacteria capable of growth at 37 °C on Yeast Extract Agar 10
Bacteria capable of growth at 22 °C on Yeast Extract Agar 7
Pseudomonas aeruginosa 25
Fungi 17
Visible growth 37
Coliform organisms 10
or fungi which comprised the visible films of growth but it was observed that the 
majority of these films consisted of chains of Gram negative rods; fungal hyphae and 
yeast-like cells were also observed, but less frequently.
The coliform organisms capable of growth on these materials all appeared to be 
Citrobdcter freundii (Cowan &  Steel 1974). Some of the strains isolated were capable of 
indole production and were regarded as Citrobacter freundii I I (Cowan &  Steel 1974) 
and some were anaerogenic in both lactose and glucose peptone water. Several 
materials that were initially thought to be supporting coliform organisms were in fact 
supporting the growth of Aeromonas hydrophila (Cowan &  Steel 1974) because certain 
strains of A. hydrophila produce acid from lactose and cannot be distinguished on a 
membrane count from coliform organisms.
Ps. aeruginosa was found to be capable of growth on 25% of these materials. The 
pyocine typing method (Gillies &  Govan 1966) was applied to the strains isolated and 
Types 1, 3, 29 and 31 were found to predominate.
Two fungi which have frequently been isolated from materials under test are a pink 
strain of Tilletiopsis sp. and Rhodotorula minuta var. minuta (Commonwealth Myco- 
logical Institute and Brewing Research Foundation).
The effect o f  chemical composition on the ability o f  a material to support growth
The 288 materials examined between January 1973 and November 1975 were grouped 
into seven categories and the ability of materials in these categories to support growth is 
given in Table 3.
Table 3
Categories o f  materials exam inedfor microbial growth
Category of material
% of total number of 
materials examined
% of category capable 
of supporting growth
A: Rubbers 41 68
B: Jointing materials 10 52
C: Glass reinforced plastics 15 60
D: Other plastics 21 25
E: Paints and protective coatings 7 48
F: Packing materials 4 84
G: Greases and lubricants 2 43
Overall percentage failure 54
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Category A  consisted of synthetic and natural rubber products in a variety of forms, 
e.g. washers, ‘O ’ rings, diaphragms and sheet. It accounted for 41% of the materials ex­
amined and had a failure rate of 68%. All the jointing materials based on vegetable oils, 
shellac, grease type flux, vegetable fibres or animal fats supported growth, whilst those 
made from polytetrafluoro-ethylene or silicone did not support growth. The plastics in 
Categories C and D  most frequently supporting growth were the plasticized polyvinyl 
chlorides and resins used in the manufacture of glass-reinforced plastics. In Category E, 
most of the solvent based paints and protective coatings supported growth whilst the 
epoxy coatings and bituminous paints which had been well cured were mostly satis­
factory. The packing materials, greases and lubricants usually supported growth when 
composed of petroleum based compounds, but not when polytetrafluoroethylene and 
silicone were used.
Discussion
The microbiological technique described, together with techniques for the assessment of 
taste, odour, turbidity, colour, toxic metals and cytotoxic organic compounds have been 
adopted by the National Water Council Approvals Board to ensure that materials and 
fittings conform with the Water Supply Byelaws (Anon. 1966), in particular those con­
cerned with contamination or undue consumption or waste of water. Methods available 
for the assessment of materials to be used with food and drugs are unsuitable for the 
requirements of potable water supplies because materials are in contact with the water 
for extended periods of time and the water in contact with the material may be changing 
continuously. Tap water should not readily support the multiplication of coliform 
organisms, Ps. aeruginosa or fungi and only to a limited extent bacteria in general and 
that where such multiplication occurs an additional source of nutrients is usually found 
to be available. This technique therefore attempts to reproduce a system where the main 
source of nutrients for micro-organisms is the material under examination.
It has been suggested that the incorporation of a biocide into these materials would 
prevent the occurrence of microbial growth. A  few samples of such materials were 
examined and they gave unsatisfactory results. The biocides leached out in the first few 
weeks and frequently produced a marked cytotoxic effect when assessed against 
monkey kidney cells.
At present, therefore, the technique described remains the most successful method 
available for the assessment of microbial growth for the purpose of selection of suitable 
materials. The need to develop a simple, rapid method is of major importance and one 
such method at present under investigation, is the measurement of utilization of 
dissolved oxygen by micro-organisms. Preliminary indications suggest that this may 
provide an easier quantitative assessment of total microbial growth.
The technique is continually being improved and present work includes the use of 
pure cultures as a standard inoculum, the use of distilled water in place of tap water and 
detailed studies of the micro-organisms comprising the visible growth films. The 
duration of the method has been considerably shortened by elevating the temperature of 
incubation of the flasks, from 21-30 °C. Previously it had been necessary to continue 
the tests for as long as three months. A  significant correlation between surface area and 
presence or absence of microbial growth has been observed and a standard sample size
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is now recommended, but due to the diversity of the materials submitted for 
examination this cannot always be achieved.
The process of manufacture as well as the chemical formulation of a material has 
been shown to affect microbial growth and consequently it has become necessary to 
examine materials of the same formulation produced by different manufacturers. It can 
be seen from Table 3 that in 1975 packings and rubbers had the highest failure rates. A  
suitable packing has been produced but it is proving more difficult to manufacture a 
suitable rubber. The variation between batches of raw ingredients and the need to use 
plasticizers may account for some of the difficulties encountered.
There is no doubt that many of the materials in current use are likely to promote 
microbial growth in water supplies and that waste is occurring as a result of consumers 
running their water to clear the resultant taste or turbidity. It is hoped that a significant 
improvement in the quality of potable water supplies will result from the use of this tech­
nique to find suitable materials.
It cannot be claimed that every material that supports microbial growth will always 
produce water quality problems, nor can it be claimed that all deteriorations in water 
quality in the distribution system or in consumers’ premises can be traced to the use of 
such materials, but the relationship between materials and water quality problems is 
sufficiently close and frequent to require a laboratory test procedure that will help to 
minimize the problem.
The authors are indebted to Mr H. Fish, Director of Scientific Services, Thames Water 
Authority, for permission to publish this paper.
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EFFECT OF NON-METALLIC MATERIALS O N  W A T E R  QUALITY*
By N. P. BURMAN, BSc, PhD, FIBiol (Fellow)+, 
and Jennifer S. Colbourne, BSc, MIBiol*
INTRODUCTION
N umerous Non-metallic M aterials come into contact with potable water after it has 
been treated and before it discharges from the consumer’s tap. The effect of such materials 
on the quality of the water, as well as their ability mechanically to suit their purpose, is of 
increasing concern to the water quality scientist and engineer.
Non-metallic materials are frequently employed in the construction of pumps, valves, 
pipelines, underground reservoirs, and both domestic and industrial plumbing systems. The 
range of materials includes concrete and its additives, natural and synthetic rubbers, paints 
and coatings, gland packings, lubricants, sealants, jointing compounds, soldering fluxes 
and a wide variety of plastics such as polyethylene, polypropylene, polyvinylchloride (PVC), 
polyamide (nylon), polytetrafluorethylene (PTFE), acrylonitrile-butadiene-styrene (ABS), 
glass fibre reinforced polyesters (GRP), acrylics, acetal copolymers, polycarbonates, 
silicones and many others, all of which exist in a wide variety of modifications with different 
characteristics for different purposes.
Some quality problems associated with the use of traditional materials are well known, 
namely, the carbonate precipitating effect of new concrete, the plumbo-solvency associated 
with lead piping, and the growth of coliform organisms on leather washers and untreated 
jute yarn. Other water quality problems, for which an explanation could not previously be 
found, such as taste, odour, colour, turbidity and poor bacteriological results, have now 
been shown in some instances to arise, either directly or indirectly, from the use of non- 
metallic materials.
Some materials produce a direct effect on the taste, odour, turbidity or colour of water by 
leaching soluble materials, by introducing toxic metals, or organic compounds into water. 
Other materials can support the growth of micro-organisms and give rise directly to poor 
microbiological water quality or indirectly to “mouldy” , “musty” , “earthy” or “decayed 
vegetation” tastes produced by the metabolic products of microbial growth. Some materials 
support sufficient growth for degradation of the material to occur.
CONSUMER COMPLAINTS
The investigation of consumer complaints of poor water quality forms a substantial part of 
the work of the water quality scientist. In the Metropolitan Water Division of the Thames 
Water Authority it has been found that about 50 per cent of all complaints referred to the 
laboratories are of bad tasting water (Table I).
♦Paper presented at meetings of the South-Western Section of the Institution on 23rd February 1978 and the South- 
Eastern Section on 15th October 1978.
tfoimerly Manager, Metropolitan Water Services, ^Assistant Microbiologist, Metropolitan Water Laboratories, 
Thames Water Authority; now retired.
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TABLE I. I n c id e n c e  o f  T a s t e  C o m p l a in t s  in  t h e  M e t r o p o l it a n  W a t e r  D iv isio n
Year Total number of complaints Percentage due to taste
1974 859 50
1975 818 51
1976 582 53
1977 694 50
The recognition of the ability of many common plumbing materials to support microbial 
growth1 has led to the introduction, at the Thames Water Authority, of additional 
microbiological analyses over and above those normally recommended for water samples 
collected from complainants’ premises. These include examinations for the bacterium 
Pseudomonas aeruginosa and fungi. Therefore, large volume samples are collected for 
microbiological examination from complainants’ taps as well as the usual taste and observa­
tion samples.
In some instances a “chlorinous” taste is detected, which can usually be attributed to 
repair work to a main in the locality or to a rise in the chlorine residual leaving the local 
water treatment plant, but more commonly a mouldy, musty or earthy taste is found. 
Burman2 showed that , in about one-half of the complaint samples examined fungal counts 
exceeded 10 per 100 ml. More recent work indicates a significant limit nearer 20 to 30 per 
100 ml, sometimes with 37°C bacterial colony counts exceeding 100 per ml or with Ps. 
aeruginosa present in 100 ml. The testing of non-metallic materials used in plumbing 
systems3 has shown that about 25 per cent of those submitted were capable of supporting the 
growth of Ps. aeruginosa and 5 per cent the growth of fungi. As Ps. aeruginosa is not 
normally present in water leaving the treatment works, and fungi if present at all are in 
numbers less than 10 per 100 ml4, their presence in water samples taken as a result of 
complaints suggests that they have grown on unsuitable materials used in distribution or 
plumbing systems.
It would seem, therefore, that many of the previously unexplained mouldy tastes that have 
arisen in plumbing systems have in fact been due to the growth of micro-organisms on a non- 
metallic material used in the construction of the system. Further investigation of some 
plumbing systems where these problems have arisen has led to the discovery that new 
plumbing has recently been installed, or that the cold water supply pipes have been laid near 
to central heating pipes, thus allowing local warming of the cold water supply.
Complaints of turbid water have also been traced to microbial growth on unsuitable 
materials; in particular, the presence of visible flakes of microbial growth in drinks 
produced by office vending machines and in dentists’ equipment. In both these examples the 
use of flexible polyvinyl chloride tubing, which is known to support an abundant growth of 
microorganisms, was found to be the underlying cause of the problem.
The investigation of consumer complaints is both time-consuming and expensive, and the 
use of only approved non-metallic materials should reduce the incidence of these kinds of 
complaints in the future.
RENAL DIALYSIS UNITS
Renal dialysis units installed in the homes of patients are supplied with water direct from the 
rising main feeding the premises. The water passes to a water softener and then on to the 
dialysis machine.
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The analysis of water samples from dialysis units, where patients have experienced 
pyrogenic reactions, has often shown that multiplication of bacteria and fungi has occurred 
within the water softener or the associated pipework. Pyrogenic reactions arising from the 
presence of metabolic products of actively multiplying bacteria have been demonstrated and 
such products have, on some occasions, been found in the bloodstream of a patient. One 
such product, pyocyanine, the pigment produced by Ps. aeruginosa, has been shown to be 
capable of passing across a dialysis membrane5.
TABLE n . M icrobiological Analysis of W ater Samples T aken From  a 
H ome D ialysis U n it  W here a Pyrogenic Reaction has been Reported
Sample Bacterial colony 
count per ml 
22°C 37°C
Coliforms 
per 100 ml
Escherichia coli 
per 100 ml
Fungi per 
100 ml
Ps. aeruginosa 
per 100 ml
Tap off main 90 4 0 0 0 0
After water 
softener 10,000 7,000 0 0 100 6
Effluent of
dialysis machine 26,000 51,000 0 0 4 0
The results shown in Table II are typical of those found in a number of units that have been 
examined, and indicate that microbial growth has occurred within the water softener. It is felt 
that this growth could be one of the causes of pyrogenic reactions experienced by patients, 
and work is now in progress to devise a system that will ensure that microbial growth does not 
occur. The materials used in the construction of dialysis units have been demonstrated to be 
capable of supporting microbial growth, in particular the tubing used to convey water from 
the softener to the machine, and the use of approved non-metallic materials should help to 
minimize the amount of microbial growth occurring in the future.
INTERNAL LINING OF MAINS
Hot-applied, coal-tar based coatings to BS4164:1967 have been traditionally applied to iron 
and steel mains for many years. In 1976 several water undertakings encountered a very 
persistent bituminous or tarry taste in water from new mains using these linings. The taste 
was very difficult to remove even by repeated flushing or chlorination over a period of several 
months. These tastes were usually accompanied by poor bacteriological results, including 
persistent coliform organisms, high colony counts, and in some cases the presence of Ps. 
aeruginosa. The incidents were sufficiently serious to cause embarrassment to the under­
takings concerned, and involved considerable expense in attempts to rectify them.
Investigation revealed that these coal-tar linings could produce this taste and could 
support bacterial growth when tested by the standard procedure approved by the National 
Water Council and described by Burman and Colbourne3. It was further shown in these tests 
that water left standing for 24 hr in these pipes contained polyaromatic hydrocarbons 
considerably in excess of the total recommended by the World Health Organization.
Alternative coatings that could be used include:—
(1) Hot-applied, bitumen-based coatings for ferrous products, Type I, Grade D, to BS4147:1973.
(2) Black bitumen coating solutions for cold application, Type II, to BS3416:1975.
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(3) Cement linings.
(4) Some other more recently developed coating materials such as an approved epoxy resin or nylon.
A clear distinction must be made between coal-tar and bitumen. In these British 
Standards bitumen is described as
“A very viscous liquid or a solid, consisting of hydrocarbons and their derivatives, which is soluble in 
carbon disulphide. It is substantially non-volatile and softens gradually when heated. It is black or 
brown in colour and possesses waterproofing and adhesive properties. It is obtained by refining 
processes from petroleum and is also found as a natural deposit or as a component of naturally 
occurring asphalt, in which it is associated with mineral matter”.
All the coatings in (1) to (4) above would be free from any significant quantities of 
polyaromatic hydrocarbons. However microbiological growth tests on hot-applied, bitumen- 
based, coatings and on samples of bitumen from which they are produced, usually show that 
these materials can support microbial growth. Furthermore, coatings of this nature used in 
short lengths of tunnel lining in the Metropolitan Water Division have been noted to support 
sufficient growth of fungi to be visible to the naked eye. On the other hand, many cold- 
applied bitumen solutions are free from this problem. This may be due to the finished 
coating being thinner in the latter case, and consequently a lesser quantity of nutrients is 
available for microbial growth. Bitumens may, of course, be derived from any one of 
numerous petroleum sources or from asphalt, so that the composition of the bitumen and 
probably its ability to support microbial growth can vary considerably.
Cement-lined pipes have been extensively used with success in some places, especially for 
larger diameter pipes. However, water engineers have been reluctant to change over 
completely to this process for the following reasons:—
(a) Absence of a British Standard.
(b) Reduction of bore and poor tolerance on thickness.
(c) Slight spalling of the lining when the pipe is cut or drilled.
(d) Lack of evidence of weathering properties in stock.
(e) Additional cost.
Sufficient experience with cement and concrete structures has been obtained in the water 
industry to overcome any water quality problems.
Alternative coatings of more recent development, approved by the National Water 
Council for their absence of effect on water quality, include epoxy resins specified by 
manufacturer and product reference. It is possible that polyethylenes, polypropylenes, and 
polyamides (nylon) could also be used for this purpose. All of these would, however, be more 
expensive than traditional coatings and no one has any experience of their long term 
performance. If, however, difficulty is experienced in maintaining water quality standards 
using traditional materials, with the resulting expense of applying remedial measures, the 
initial, higher cost of alternative linings might be justifiable.
The National Water Council has, therefore, advised water authorities that coal-tar-based 
linings should no longer be used, and the principal pipe manufacturers have now substituted 
hot-dipped bitumen coatings for their main production or cold-applied bitumen solutions if 
specified by the purchaser. The Thames Water Authority has provisionally accepted the use 
of these linings in new mains but will be keeping them under special observation, so as to 
determine whether their ability to support microbial growth under laboratory test conditions 
is reflected in difficulty in obtaining satisfactory bacteriological quality from water supplied 
through the main.
The ability of bitumen to support microbial growth has been studied from a different 
point of view by the British Gas Corporation6,7. They have studied the biodegradation of
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external coatings by soil micro-organisms and have shown that bitumens support growth, 
whereas coal-tar is inhibitory to growth.
BIODETERIORATION
In some instances, the growth of micro-organisms has led not only to a change in water 
quality but to physical deterioration of the material concerned. Ten year inspections of two 
underground reservoirs, both constructed in 1961, one receiving river-derived water and the 
other receiving Kent well water, revealed that the polyurethane jointing compound used in 
their construction had been colonized and partially destroyed by fungi. The deterioration in 
one case caused leakage of water from the reservoir. A polysulphide polymer-based sealant 
used in the expansion joints of the floor of a third underground reservoir was found to have 
disintegrated after 11 years of service8.
The biodeterioration of rubber rings used in jointing water mains, originally described by 
Leeflang9, is another aspect of the problem concerning the water industry. It has since been 
intensively studied at the Malaysian Rubber Research Association and the Water Research 
Centre. The organisms principally involved are now recognized to be species of Nocardia, 
but it is possible that deterioration of this nature could occur without producing a 
significant effect on water quality, as determined by the relatively short term tests 
conducted.
The biodeterioration of a material in contact with water will not necessarily affect water 
quality, but it is important because the water engineer needs to be sure that a material will 
continue to be physically capable of functioning throughout the period of its use. Tests to 
assess the resistance of a material to biodegradation are usually expensive and time- 
consuming, thus making it impractical for such tests to be undertaken for every material. 
The testing of materials for their ability to support microbial growth3 should preclude the 
use of those materials most likely to biodegrade.
THE TESTING OF MATERIALS FOR USE IN CONTACT 
W ITH POTABLE WATER
The present testing of non-metallic materials for use in contact with potable water includes 
physical and organoleptic tests, toxicity tests, and microbiological growth tests. These tests 
are designed, as far as is possible, to reproduce the conditions that the material would be 
expected to meet during its period of use in contact with water. A scheme of materials testing 
has been evolving since about 1950. The basic principles of the current system were 
routinely adopted in 1971 and over 1000 samples have now been examined by this method.
Organoleptic, physical and toxicity tests are carried out according to methods described 
by Burman10 and microbiological growth tests according to methods described by Burman 
and Colboume3. In 1973, the rate of failure of materials was 57 per cent, but formulation of 
new materials and modification of existing materials has brought about a marked decrease, 
and the rate of failure in 1977 was 45 per cent.
The commonest cause of failure in a material is its ability to support microbial growth, 
and it is in this area that the need for new materials is most required. It is well known that 
aerobic micro-organisms are dependent on the presence of carbon, nitrogen, oxygen, and 
some mineral salts for multiplication, and in the case of many micro-organisms additional 
nutrients are also essential. Water in supply normally contains sufficient oxygen, nitrogen, 
and mineral salts to support microbial growth, but any carbon compounds present are not 
normally adequate in quantity or availability to support sufficient microbial growth 
significantly to affect the quality of the water. The role of the materials in contact with water
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is, then, to donate sufficient carbon to the system to facilitate multiplication of micro­
organisms. The exact mechanism involved will depend upon the composition of the material, 
the types of micro-organism, and the localized conditions. It is of considerable importance 
therefore that the water engineer and scientist should obtain details of the nature of the 
material, as well as its physical properties, when considering it for use in contact with water.
Inclusion of linseed oil, vegetable oils, shellac, mineral and petroleum-based greases, 
animal fats and vegetable fibres in a material are all likely to encourage growth, as is the 
incorporation of a wide variety of plasticizing agents. Materials such as silicone rubber, 
PTFE, unplasticized PVC, polypropylene and nylon on the other hand are all likely to be 
unable to support growth. It should, however, be remembered that the production of 
normally inert polymers can be amended by the incorporation of relatively low molecular 
weight extenders, that some raw materials may contain varying quantities of impurities, and 
that the temperatures reached in moulding processes can vary according to the equipment, 
the size of the moulding and the process. Excess temperatures can cause degradation of 
some materials; insufficient temperatures can leave residues of unpolymerized monomers. 
Any of these variations can lead to a suitable climate for the growth of micro-organisms.
In some instances, suitable materials are not available and it is necessary at present to use 
a material that has not satisfactorily passed these tests. Where a choice exists, the use of the 
material that supports the least growth or that produces the lowest detectable taste, should 
be recommended. In this connection the Building Services Research and Information 
Association (BSRIA) set up an ad hoc working party particularly to investigate the problem 
of availability of jointing materials used in plumbing which were not only satisfactory from 
the water quality point of view but also satisfactory physically and mechanically and 
acceptable to the plumber and his employer. They produced a report11 in the form of an 
application chart which they intend to keep updated.
In an attempt to reduce the time taken to test materials and to produce a method that can 
be readily carried out by manufacturers, alternative methods of testing materials for their 
ability to support growth are being investigated. The use of an essentially chemical method is 
at present being investigated and three alternatives are under consideration: total organic 
carbon estimations; ATP methods; and utilization of dissolved oxygen. Results obtained so 
far suggest that the use of dissolved oxygen measurements (in place of the elaborate colony 
counting methods presently used in the microbiological growth tests), would simplify the 
testing procedure considerably whilst attaining comparable results.
APPLICATION OF BYELAWS
All water authorities in Great Britain have byelaws inherited mostly from their predecessor 
water undertakings so that different areas of the same authority may have byelaws which 
differ in some details. Pursuant to Section 17 of the Water Act 1945, the Department of the 
Environment produced Model Water Byelaws for the guidance of water undertakings; 
pursuant to the Water Act 1973. Water authorities are now revising their byelaws so that 
these are uniformly applicable over their whole areas and these must be approved by the 
Department of the Environment.
The main purpose of these byelaws is to ensure that consumers do not cause waste, undue 
consumption, misuse or contamination of water, inaccurate measurement, or reverberation 
in pipes. The use of unsuitable materials in plumbing or fittings can cause contamination of 
the water and in this context “contamination” should be interpreted as any deterioration in 
quality which brings the tap water below the World Health Organization "Recommended 
European Standards” . If contamination is noticeable to the consumer by the taste, odour, 
turbidity, or colour of the water, the first action he will take will be to run the water to waste 
in the hope that the quality will improve. This may be interpreted as waste of water.
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It is therefore necessary to have an agreed test procedure to determine whether water 
fittings or materials used in their installation, alteration, or repair are likely to affect the 
quality of the water sufficiently to be described as contamination.
A decision has been taken to replace Water Byelaws with Water Regulations which will 
apply uniformly over the whole country. The Department of the Environment is formulating 
the regulations, in conjunction with the water supply industry and the fittings 
manufacturers, basing them on the byelaws and the provisions of the Backsiphonage 
Report. It is expected that the opportunity will be taken to incorporate more precise 
requirements regarding the effect of materials on water quality.
NWC SCHEME FOR THE TESTING AND APPROVAL 
OF WATER FITTIN GS
Pursuant to Section 4(6) of the Water Act 1973, the NWC has set up a “Scheme for the 
testing and approval of water fittings” , with effect from 1st January 1978, which replaces the 
functions of the NWC Approvals Board and which will continue the work of the Approvals 
Board.
The objects of this scheme include provision throughout the UK for the assessment and 
testing of water fittings to ascertain whether they comply with regulations and byelaws for 
preventing the waste, undue consumption, misuse or contamination of water. In order to 
implement the prevention of contamination and the waste which often accompanies it, the 
Approvals Board has required that all non-metallic materials used in water fittings and 
which are liable to come into contact with water shall conform to the test procedures and 
standards specified by Burman10 and Burman and Colboume3. For a preliminary period, 
partly because of an initial excess of demand for testing over facilities available, and partly 
because of doubt about the availability of satisfactory alternative materials, a scheme was 
introduced giving a one year provisional approval to materials that were non-toxic and which 
were alleged to have given satisfactory service for some time.
As testing facilities are now adequate to meet the demand and as manufacturers have 
become increasingly aware of the causes of unsatisfactory results with some materials, this 
provisional approval was discontinued in October 1977. There are however some materials 
currently being processed for which application was received before October 1977.
The NWC has recognized and approved the following three testing laboratories where 
these test procedures can be carried out on a normal commercial basis:
The Thames Water Authority Laboratories, 177 Rosebery Avenue, London EC1R 4TP; Albury
Laboratories Ltd., Albury, Guildford, Surrey GU5 9AZ; Thresh, Beale and Suckling, Bostock Hill
& Rigby Ltd., 288 Windsor Street, Birmingham B7 4DW.
In addition to the materials testing, water fittings must also of course conform to 
appropriate mechanical, performance, and dimensional requirements. These tests are 
normally carried out by the NWC at its own testing station.
BRITISH STANDARDS
Numerous British Standards relating to water fittings (including potable water fittings), 
and to the materials used, contain clauses similar to the following:—
“Where used for potable water, all the materials which come into contact with the water shall be non­
toxic, they shall not impart any taste, odour, colour or turbidity to the water and they shall not 
support microbial growth”.
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The wording varies slightly in different standards produced by different committees. For 
the several standards which do not yet contain appropriate clauses, the NWC has 
recommended suitable revisions so that the Department of the Environment can include 
them in the Water Regulations which will replace Water Byelaws, as deemed to satisfy those 
regulations.
There is, however, no British Standard which specifies the test procedure to be adopted to 
determine conformity with these clauses. To rectify this omission BSI committee EPC/44/7 
was set up and a draft standard based on the methods of Burman10 and Burman and 
Colboume3 is currently under consideration. The nature of the final document which this 
committee produces has not yet been agreed, but the demand for a standard test procedure 
is such that it would be difficult to justify anything other than a British Standard even 
though work currently in progress may result in recommendations for a modified procedure 
in a relatively short time.
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The Technique for the assessment of growth of micro-organisms on non-metallic materials in 
contact with potable water employs standard microbiological counting techniques and a 
subjective visual assessment to measure the microbial activity that occurs in the test procedure.
An alternative method of assessing microbial activity based on utilization of dissolved oxygen is 
described and compared with the existing method. The dissolved oxygen method was found to be 
a suitable alternative, the main advantages being reproducibility of results and a reduction in the 
cost of the test.
Burman &  Colbourne (1976) described several problems that have arisen from the 
use of unsuitable non-metallic materials in contact with potable water, in particular the 
ability of some materials to support the growth of micro-organisms in sufficient 
abundance to impart an unpleasant taste, odour, colour or turbidity. They cited 
instances of microbial growth in domestic and industrial plumbing systems, newly 
constructed mains and underground reservoirs, and they stressed the importance of the 
testing of materials intended for use in water distribution and consumers’ plumbing 
systems.
The existing method approved by the National Water Council for the assessment of 
microbial growth on materials in contact with potable water has been described in detail 
by Burman &  Colboume (1977). It employs standard microbiological counting 
techniques for the enumeration of several different groups f water micro-organisms and 
includes a qualitative assessment of microbial growth that is visible to the naked eye. 
The latter is, however, subject to a number of errors. Firstly, many of the bacteria that 
grow readily in the test flasks do not appear to be capable of growth on standard 
bacterial colony counting media. This is not surprising as the carbon sources present in 
many of the materials tested are often synthetic, organic compounds that support the 
growth of adapted strains of micro-organisms which cannot grow on normal nutrient 
media. Secondly, the growth that occurs is commonly in the form of aggregates 
suspended in the water, and by a colony counting procedure each aggregate containing 
organisms would give rise to only one colony. Thirdly much of the growth remains 
attached to the material under test and techniques which depend on counting bacteria in 
the surrounding water will not include them. These organisms may be significant, 
however, because the by-products of their metabolism can effect the quality of the 
water, especially the taste and odour. Finally, colony counting procedures are both time- 
consuming and labour-intensive. Burman &  Colbourne (1977) emphasized the need for 
a single, reproducible, quantitative method that would produce a more rapid assessment 
growth occurring on a material in their test procedure.
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Several different techniques have been used to assess microbial activity or growth on 
materials in water. Visible growth as a criterion for assessment of the microbial 
deterioration of a material has been suggested by a number of workers (Courtois 1961; 
Anon. 1964). The reliability of using this method of assessment has frequently been 
questioned (Burgess &  Darby 1964) because it is a subjective, supplementary test that 
will not itself assess accurately the process of microbial degradation. Weight loss 
measurements have been used to assess the ability of micro-organisms to utilize 
constituents of certain materials (Pankhurst et al. 1972). Burgess &  Darby (1964, 1965) 
used this method to measure the biodegradation of a material by Pseudomonas 
aeruginosa and fungi and they found that a reduction in weight could be correlated with 
biodegradation. Other workers have reported success in assessing the biodeterioration of 
a material using manometric methods (Siu &  Mandels 1950; Burgess &  Darby 1964) 
but Kaplan (1964) reported erratic and unreliable results using this technique. More 
recently Pankhurst et al. (1972) used a Warburg respirometer to measure microbial 
attack of polymers and found that microbiological growth tests were more sensitive than 
the respirometric technique. The most suitable alternative method reported therefore 
appeared to be one involving the measurement of dissolved oxygen in the test water 
using a dissolved oxygen probe, thus overcoming the difficulties encountered with other 
respirometric techniques.
This paper describes a method for the assessment of microbial growth on materials in 
contact with potable water that uses dissolved oxygen utilization as a measurement of 
total microbial activity. The results of a comparison between this and the existing 
method (Burman &  Colboume 1977) are described. The dissolved oxygen method was 
also used to examine some aspects of the basic test procedure, common to both 
methods, that have in the past been the subject of some criticism. The microbiological 
method and the dissolved oxygen method are designed to reproduce, as far as is 
possible, the conditions of intermittent flow that can occur in a potable water supply.
Materials and Methods
The microbiological method (standard procedure) used was identical in all aspects to the 
method described by Burman &  Colboume (1977). The dissolved oxygen (DO) method 
is described below.
Apparatus
A  Simac model 75-type 30/3M electrode was used for measuring the dissolved oxygen 
(DO) content of the test water and it was standardized using two samples of water at the 
same oxygen content and temperature. The oxygen content of one sample was 
determined by the Winkler titration method (Anon. 1977). The electrode was placed 
into the second sample, which was stirred by a magnetic stirrer, and allowed to stabilize. 
The electrode was then adjusted to give a reading equal to the D O  content of the first 
sample. This calibration procedure was carried out before each set of readings.
Glassware
Screw-capped jars of 750 ml capacity were used as the test containers. These were 
cleaned along with a 201 aspirator and the glass samples, by the procedure described by 
Burman &  Colboume (1977).
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Inoculum
The inoculum was taken from the inlet to Walton upon Thames Water Treatment 
Works. It was hoped that a river water intended to be potable would contain a variety of 
micro-organisms capable of utilizing organic materials and that inhibitory toxic wastes 
would be absent It was found that a 100 ml inoculum contained between 100 and 1000 
coliform organisms, and sufficient numbers of other micro-organisms including Ps. 
aeruginosa. It was collected in the early morning on the day of the test (Burman &  
Colboume 1977).
Test Materials
The materials used were a selection of non-metallic materials submitted to the Thames 
Water Authority for National Water Council approval. The surface-area-to-volume 
ratio used in the existing method was 15 000 m m 2 to 1 1. The test containers available 
for use with the D O  method held only 750 ml, so to obtain a direct comparison between 
both methods the surface area of the test samples was reduced to 11 250 m m 2. Fresh 
mains tap water was collected in a 201 glass aspirator and incubated at 30 °C during the 
morning of each water changing day. Immediately before the test the water in the 
aspirator was aerated by passing compressed air through a silicone rubber tube 
containing a coarse filter, for 5 min. The water was dechlorinated by adding sufficient 
sodium thiosulphate according to the volume of water contained in the aspirator. The 
material under test was placed in a screw-capped jar and inoculated with 75 ml of raw 
river water.
A  piece of glass of surface area 11-250 m m 2 was added to another jar which served as 
the control The volumes in the jars were then made up to 750 ml with the fresh, aerated 
tap water, sealed and incubated at 30 °C in the dark. Twice a week at intervals of 3 and 
4 d respectively, all the water except 7*5 ml was removed from each jar and replaced 
with fresh, aerated, dechlorinated mains tap water.
Measurements were not made during the first 3 weeks of the test procedure. The D O  
was determined in the water in each jar on the fourth, fifth and sixth weeks, immediately 
before the water was changed. In addition, samples of water were taken from each jar 
for the enumeration of Ps aeruginosa and coliform bacteria by the methods described by 
Burman &  Colboume (1977). The D O  determinations were repeated for a minimum 
period of 3 weeks and a maximum period of 5 weeks.
Chemical oxygen demand {COD) procedure 
The material under test was placed in a sterile jar with 750 ml of aerated, sterile, glass 
distilled water. The test material was not sterilized because the process might have 
significantly altered the chemical composition of the material. Microbiological counts 
were therefore made on the test jars that showed a C O D  to ensure that microbial 
contamination of the material was not responsible for the C O D  effect. A  piece of glass 
of surface area 11 250 m m 2 was added to one jar, which served as the control. The jars 
were sealed and incubated at 30 °C in the dark. Twice a week all the water in each jar 
was replaced with fresh, aerated sterile, glass distilled water. The D O  in the water in 
each container was determined before each water change. The D O  determinations were 
continued until the readings stabilized.
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T a b l e  1
A comparison o f  the dissolved oxygen procedure and present microbiological 
growth testing procedure fo r  50 materials
Apparent True
Material Type of Microbiological MDOD* MCODt MDOD 
no. material testing results (mg/1) (mg/1) (mg/1)
1 Plastic A 0 — 0
2 Plastic A 0-1 0 0-1
3 Plastic A 0-1 — 0-1
4 Plastic A 0*2 0 0-2
5 Plastic A 0*2 0 0-2
6 Plastic A 0-2 0 0-2
7 Plastic A 0-2 0 0-2
8 Plastic A 0-3 0 0-3
9 Flux A 0-4 0-1 0-3
10 Plastic RP 0-3 0 0*3
11 Coating A 0-3 0 0-3
12 Plastic A 0-5 0 0-5
13 Plastic A • 0-5 0 0-5
14 Plastic A 0-5 0 0-5
15 Rubber A 0-5 0 0-5
16 Rubber A 0-8 0 0-8
17 Rubber A 0*8 0 0-8
18 Coating A 0-8 0 0-8
19 Coating A 0-8 0 0-8
20 Rubber A M 0 1-1
21 Flux A 1*3 0 1-3
22 Rubber A 1-7 0 1-7
23 Rubber A 1-7 0 1-7
24 Coating A 2-0 0 2-0
25 Plastic A 2-0 — 2-0
26 Plastic- A 2-1 — 2-1
27 Plastic AV 2-2 0 2-2
28 Rubber AV 2-4 — 2-4
29 Rubber AV 2-7 0-1 2-6
30 Coating AV 2-7 0 2-7
31 Plastic AV 3-0 0 3-0
32 Rubber RV 3-8 0 3-8
3*3 Rubber RVL 3-9 0 3-9
34 Rubber RVP 4-0 0 4-0
35 Rubber RVP 4-1 0 4-1
36 Rubber RVP 4-6 0 4*6
37 Rubber RV 4-6 0 4*6
38 Rubber RVPCF 4*9 0 4*9
39 Rubber RV 5-0 0 5*0
40 Asbestos
fibre seal RVC 5-1 0 5-1
41 Rubber RVP 5-6 0 5-8
42 Rubber RVPLH 6*4 0-5 5-9
43 Rubber RV 5-9 0 5-9
44 Coating RVF 6-0 0 6-0
45 Coating R* 6-3 — —
46 Coating RVF 6-6 0 6-6
47 Asbestos
seal RV 7-7 1-0 6-7
48 Coating RV 6-9 0 6-9
49 Rubber RV 7-2 0 7-0
50 Coating RV 8-0 0 8-0
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Results
Interpretation
The D O  determinations were expressed in mg/1. The mean of the D O  for the fourth, fifth 
and sixth weeks was obtained for each test jar and subtracted from the mean of the D O  
for the fourth, fifth and sixth weeks from the control container. The figure obtained was 
described as the Apparent Mean Dissolved Oxygen Difference (MDOD). If the 
apparent M D O D  after the sixth week lay between 2-0 and 3-0 mg/1 the testing 
procedure was continued for a further 2 weeks and the apparent M D O D  recalculated 
(see Fig. 1).
Comparison o f  methods 
Tests were carried out on 50 materials by both procedures. The results obtained are 
given in Table 1. The materials were numbered 1-50 on the basis of their results. The 
range of M D O D  for the materials that did not support microbial growth as determined 
by the standard procedure was 0-2* 1 mg/1 and the range for the materials that did 
support growth was 0*3-8*0 mg/1. If the result for material 10, which supported just the 
growth of Ps. aeruginosa is excluded, then the latter range was 2-2-8*0 mg/L The range 
of M D O D  for the materials that were recommended for acceptance for use in contact 
with potable water was 0-3 *0 mg/1 and the range for materials that were rejected for use 
in contact with potable water was 3 *8-8*0 mg/1. Material 10 had a low M D O D  of 0*3 
mg/1 but was rejected for use in potable water because it supported the growth of Ps. 
aeruginosa. Material 45 had a M D O D  of 6*3 mg/1 and was rejected because of 
corrosion of the underlying metal, which occurred after the surface coating biodegraded.
The effect o f  surface area o f  a material on its ability to support microbial growth 
Four samples sizes of two different materials were tested by the D O  procedure. The 
M D O D  for each sample was calculated and the results are given in Table 2. Material 27 
was chosen because it gave a borderline result in the microbiological test procedure. The 
results showed that for this material the relationship between surface area and M D O D  
was linear. Material 34 was chosen because it produced a marked visible growth both on 
the surface of the sample and in the test water. The results again showed that surface 
area had an effect on M D O D  but in this case it was not a linear relationship.
Variability o f the microbial inoculum 
The river water used for the inoculum varies in microbial content from batch to batch 
and weekly bacterial colony counts in microbiological control jars often showed 
considerable variation. Seven control jars, each containing a different batch of inoculum
A = Accepted for use in contact with potable water supplies.
R = Rejected for use in contact with potable water supplies.
P = Supported growth of Ps, aeruginosa. '
V = Visible microbial growth.
C = Supported growth of coliform bacteria.
F = Supported fungal growth.
L = Supported bacteria capable of growth at 22° C.
H = Supported bacteria capable of growth at 37°C.
* = Corrosion of the metal test panel
+ = Mean dissolved oxygen difference.
f  = Mean chemical oxygen demand.
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T able 2
The effect o f  surface area on the ability o f  
two different materials to support microbial 
growth
Surface area Microbiological MDOD* 
Sample (sqcm) result (mg/1)
19 A 1*0
38 A 1*2
75 A 2-1
150 R 4*1
19 A 2*0
38 R 4*1
75 R 5*2
150 R 6-4
•Mean dissolved oxygen difference between test 
and control.
A, Acceptable for use in contact with potable 
water but showed visible growth on the surface of 
the sample.
R, Rejected for use in contact with water and 
showed visible growth on the test sample and in the 
test water.
Table 3
A comparison o f  seven control flasks each con­
taining a different batch o f  inoculum using the 
DO procedure
Control flask
Initial DO* reading 
(mg/1)
DO reading after 
three weeks (mg/1)
1 7*9 6*9
2 7*2 6*8
3 6*2 6*8
4 5*0 7*0
5 7*8 6*8
6 7*0 6*8
7 6*0 6*7
• Dissolved oxygen.
were tested using the D O  procedure in an attempt to assess the significance of these 
variations. The results are given in Table 3.
The range of initial D O  readings was 5-0-7*9 mg/1 but after 3 weeks the range had 
reduced to 6* 7-7*0 mg/1. This confirmed that the batches of inocula varied initially in 
microbial activity but after 3 weeks a considerable reduction in this variation occurred.
The effect o f  the chemical demand o f  materials on the mean dissolved oxygen difference 
The chemical oxidation of a material during the test procedure was tested for by the 
C O D  procedure. The mean chemical oxygen demand difference (MCOD) was
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calculated in the same manner as the M D O D .  The results were then expressed in the 
following terms in Table 1.
Apparent M D O D - M C O D  =  True M D O D
The true M D O D  was defined as the mean dissolved oxygen difference that arose only 
from the microbial activity in the test container. The results showed that for most of the 
materials examined there was no effective MCOD. Where a M C O D  was observed, both 
the true M D O D  and apparent M D O D  fell into the same range of microbial activity.
The reproducibility o f  the test procedure 
Two materials were tested in duplicate and one material in triplicate by both of the test 
procedures in an attempt to assess the reproducibility of the test procedures. The results 
are given in Table 4.
T able 4
The results obtained from  
repeated testing o f  three 
materials by the dissolved 
oxygen procedure
Material subjected 
to repeated testing
•MDOD
(mg/1)
1 0
1 0-1
1 0-2
26 2-7
26 3-0
34 5-0
34 5-5
•Mean dissolved oxygen differ­
ence between test and control.
Discussion
In the existing microbiological method a tenfold difference between the bacterial and 
fungal colony counts obtained from the test and control containers and a qualitative 
examination for visible microbial growth are used together to assess the total microbial 
activity. The D O  procedure was designed to provide a quantitative measure of microbial 
activity that could replace these methods and thereby minimize subjective elements in 
this area of the test procedure. It was not, however, intended to replace the counts of Ps. 
aeruginosa and coliform bacteria with D O  determinations, as these must conform to the 
absolute limit of < 1 per 100 ml. In comparing the results obtained therefore, any sample 
that supported the growth of coliform bacteria or Ps. aeruginosa alone was excluded.
The M D O D  obtained from each of the materials examined was compared with the 
ability of the material concerned to support microbial growth, and also with the decision 
based on this result about the suitability of the material for use in contact with potable 
water. In the standard test procedure it has always been difficult to assess quantitatively
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visible growth and materials showing slight surface blooms without any other evidence 
of bacterial growth are accepted even if the bloom is confirmed to be microbial by 
microscopical examination. The results obtained for the 50 materials could be placed 
into three clear categories: no microbial activity, where the M D O D  was <2*1 mg/1; 
visible growth at the surface only, where the M D O D  was 2* 1-3*0 mg/1; and significant 
microbial activity where the M D O D  was >3*8 mg/1. These results indicated that the 
M D O D  provided a quantitative measure of microbial activity that compared favourably 
with the existing method.
The D O  procedure provided a single, quantitative expression of microbial activity 
that compared favourably with the colony counting method and removed the necessity 
for subjective visual assessment. It was therefore decided that the D O  method should be 
used to re-examine three areas of the general test procedure. It was found that the 
surface area of a sample was related to microbial activity in the test procedure, the 
relationship being linear for one of the tested materials. Whilst this confirmed the 
importance of using standard sized test samples it also showed that small differences in 
surface area would not alter the overall result The inoculum was found to vary 
considerably in its microbial content from batch to batch but after three weeks this 
variability had disappeared and therefore did not affect the final result. As a result of 
these findings both procedures .were modified to include a 3 week inoculum stabilization 
period during which no determinations of microbial activity were made. The repeated 
testing of materials indicated that the test was reproducible within one laboratory.
Although the ability of a material to produce a chemical oxygen demand was 
accounted for in the test procedure, an M C O D  was produced by only four materials 
and in each case the M C O D  did not alter the M D O D  significantly. It was felt, there­
fore, that in future a determination of M C O D  need only be carried out where a non- 
metallic material is thought likely to contain readily oxidizable constituents. If the 
chemical composition of a material is unknown, however, then the M C O D  should 
always be calculated.
The standard microbiological test procedure has been used by the National Water 
Council for the acceptance of materials for several years, so any alternative method 
proposed should provide a comparable basis for assessment It would seem logical when 
recommending the D O  procedure, to set the acceptance limit at 3*8 mg/1, because all the 
M D O D  values obtained for the acceptable materials were beneath this value. The D O  
procedure has shown, however, that the subjective elements in the standard method, in 
particular, the visual assessment, have in the past allowed the acceptance of some 
materials that are capable of supporting microbial growth at the surface of the material. 
The results clearly showed that the limit of 2*1 mg/1 more accurately reflected the 
presence of a significant microbial growth in the test procedure.
The microbiological procedure has not been found to be a suitable method for 
manufacturers to use when formulating and manufacturing their materials. It is 
expensive to perform and as the interpretation is to a certain extent subjective, it requires 
microbiological expertise. The D O  procedure, on the other hand, may be suitable for 
this purpose and this method is at present being developed as a quality control test 
procedure. The effect of using different tap waters is also being studied. It has so far 
been observed that glass distilled water retards the growth of micro-organisms, and a 
chemically prepared water with added micronutrients and nitrates may provide a better 
comparison with tapwater.
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The dissolved oxygen procedure is therefore considered to be a suitable alternative to 
the colony counts and visible growth assessment used in the standard test procedure of 
Burman &  Colboume (1977). The main advantages are a reduction in the cost of the 
materials and the staff required. In addition it avoids subjective assessments of microbial 
growth.
The authors are indebted to Mr H. Fish, Director of Scientific Services, Thames Water 
Authority for permission to publish this paper. W e  wish to express our appreciation to 
Dr N. P. Burman for initiating and supervising this research, and to Mr S. Retallick for 
this technical assistance.
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